Continuous efforts have been devoted to unraveling the biophysiology and development of the human fetal adrenal cortex, which is structurally and functionally unique from other species. It plays a pivotal role, mainly through steroidogenesis, in the regulation of intrauterine homeostasis and in fetal development and maturation. The steroidogenic activity is characterized by early transient cortisol biosynthesis, followed by its suppressed synthesis until late gestation, and extensive production of dehydroepiandrosterone and its sulfate, precursors of placental estrogen, during most of gestation. The gland rapidly grows through processes including cell proliferation and angiogenesis at the gland periphery, cellular migration, hypertrophy, and apoptosis. Recent studies employing modern technologies such as gene expression profiling and laser capture microdissection have revealed that development and/or function of the fetal adrenal cortex may be regulated by a panoply of molecules, including transcription factors, extracellular matrix components, locally produced growth factors, and placenta-derived CRH, in addition to the primary regulator, fetal pituitary ACTH. The role of the fetal adrenal cortex in human pregnancy and parturition appears highly complex, probably due to redundant and compensatory mechanisms regulating these events. Mounting evidence indicates that actions of hormones operating in the human feto-placental unit are likely mediated by mechanisms including target tissue responsiveness, local metabolism, and bioavailability, rather than changes only in circulating levels. Comprehensive study of such molecular mechanisms and the newly identified factors implicated in adrenal development should help crystallize our understanding of the development and physiology of the human fetal adrenal cortex. (Endocrine Reviews 32: 317-355, 2011)
I. Introduction
T he human fetal adrenal (HFA) cortex shares its unique structural and functional organization with higher primates such as the rhesus monkey and baboon. The March 1997 issue of Endocrine Reviews reviewed the development and function of the primate fetal adrenal cortex (1) . The HFA cortex is an active endocrine organ in which most steroidogenic activity is exerted in a specialized cortical compartment known as the fetal zone (FZ), a unique feature of fetal adrenals in humans and some higher primates but not in other species such as rodents and sheep. Elegant studies during the 1950s and 1960s brought to light the essential role of the HFA in the high estrogenic milieu of pregnancy and led Diczfalusy (2) and coinvestigators to propose the concept of the "feto-placental unit," in which the FZ of the HFA produces large amounts of adrenal androgens that are used by the placenta for estrogen biosynthesis. However, the roles of the estrogenic milieu in human pregnancy still remain unclear. During the 1960s, Liggins et al. (3, 4) demonstrated that in the sheep, maturation of the fetal hypothalamic-pituitary-adrenal (HPA) axis occurs late in gestation, and cortisol secreted by the fetal adrenal cortex stimulates maturation of fetal organs and initiates the cascade of events leading to parturition. Similarly, the HFA cortex begins to produce cortisol late in gestation. However, it was soon realized that, although cortisol promotes fetal maturation in humans as it does in sheep, the role of cortisol in the regulation of human parturition has not been completely elucidated because fundamental differences exist between sheep and humans in terms of regulation of parturition. Thus, the precise roles of these steroid hormones in the maintenance of pregnancy, fetal maturation, and development, and in the initiation of parturition have been controversial. Nevertheless, recent research developments have allowed significant progress in clarifying many aspects of the biophysiology of the human feto-placental unit.
Consistent with its endocrine capabilities, the human fetus has very large adrenals. Accumulating data indicate that growth of the HFA appears to involve cellular proliferation, hypertrophy, apoptosis, and migration. In addition, angiogenesis, another fundamental process for organ growth, has been recently investigated in the HFA. Genetic studies in mice and humans, as well as studies using materials from human and subhuman primates, and the application of modern technologies, such as gene arrays and laser capture microdissection, have contributed greatly to our understanding of the genes and gene products that play key roles in HFA development and function.
It is well accepted that ACTH is the primary regulator for the development and function of the HFA. However, this tenet does not argue against physiological roles for ACTHindependent mechanisms in the regulation and fine-tuning of the gland. Indeed, such ACTH-independent mechanisms have been identified through recent observations. Therefore, it seemed appropriate to review the progress in the field since the previous review appeared in 1997. We introduced the topic of the previous review by indicating that "steroid hormones produced by the fetal adrenal cortex regulate intrauterine homeostasis, the maturation of fetal organ systems necessary for extrauterine life, and in some species, the timing of parturition. Appropriate development and function of the fetal adrenal cortex therefore are critical for fetal maturation and perinatal survival. Moreover, the fetal adrenal cortex must itself undergo maturation in preparation for its essential role postnatally, i.e., production of glucocorticoids, androgens, and mineralocorticoids for fetal intrauterine homeostasis and to insure adrenal cortical autonomy once the placenta has separated." Those comments remain valid. However, as mentioned above, there have been many advances in further understanding the physiological and pathological biology of the initiation of the onset of labor, the interactions of the fetus and placenta, the development of the HFA, the relationship between fetal adrenal architecture and its function, and the role of steroid hormones in intrauterine homeostasis and preparation for extrauterine life. This remains a fascinating area of investigation, which not only will advance our understanding of the biology of the HFA, but should also pave the way for new improvements in treatment of such disorders as premature labor, abnormalities of fetal and newborn adrenal function, and a more comprehensive view of this unique organ.
In this article, we will provide a brief synopsis of earlier studies and present an overview of recent key observations from our laboratories as well as those of other investigators that serve to gain a better understanding of the developmental processes and functional aspects of the organ.
II. Structural and Functional Adrenal Development
The interplay of cell proliferation, differentiation, apoptosis, and cellular senescence affects the development of the HFA. In this section, we summarize the current knowledge of the structural and functional development of the HFA.
A. Prenatal adrenal development
Cells of the human adrenal cortex arise from the intermediate mesoderm. The earliest recognizable manifestation of the adrenal gland is called "the adrenal blastema" (5) or "the adrenal primordium," which appears distinct from surrounding structures at 33 days post-conception (dpc) (6, 7) , lying posteromedial to the urogenital ridge. Hanley et al. (6 -8) have demonstrated, using in situ hybridization, that the transcription factors, steroidogenic factor-1 (SF1; also known as Ad4BP or NR5A1) and DAX1 (dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome; NR0B1), are expressed in this adrenal anlage and that hybridization signals from SF1 transcripts are stronger than those from DAX1 at all embryonic stages studied (i.e., 33 through 52 dpc) (7) . By the eighth week of gestation, cells in the adrenal blastema organize into anastomosing cords and show ultrastructural characteristics consistent with steroidogenic capability. By 50 -52 dpc, the developing HFA acquires two rudimentary, but distinct, zones: the inner FZ that consists of large eosinophilic cells, and the outer definitive zone (DZ), which is comprised of small, densely packed basophilic cells (7, 9) . The origin or lineage relationship of cells of both zones remains unknown (5, 10) . At about the ninth week of gestation, the developing HFA is completely encapsulated.
During the fetal period, the morphology of the adrenal cortex remains relatively constant. The DZ is composed of a narrow band of small (10 -20 mm) cells that exhibit structural characteristics typical of cells in a proliferative state. Inner layers of the DZ form arched cords with fingerlike columns of cells reaching the outer rim of the FZ. Cells in the DZ are lipid-poor during midgestation. As gestation advances, the cells accumulate cytoplasmic lipid and begin to resemble steroidogenically active cells. The FZ consists of large (20 -50 mm) cells with ultrastructural characteristics typical of steroidogenic cells. In the outer regions of the FZ, the cells are arranged in tightly packed cords. In the central portion, the FZ forms a reticular pattern, with cells spaced more widely and separated by numerous vascular sinusoids. Ultrastructural studies also have revealed a third zone between the DZ and FZ, which we have named the transitional zone (TZ) (11). Cells in this zone show intermediate characteristics (12) . TZ cells have the capacity to synthesize cortisol, being analogous to cells of the zona fasciculata of the adult adrenal cortex. By the 30th week of gestation, the HFA cortex manifests a rudimentary form of the adult adrenal cortex; the DZ and TZ begin to resemble the zona glomerulosa and the zona fasciculata, respectively (13).
As early as 6 wk of gestational age, pheochromoblasts derived from the neural crest migrate through the fetal adrenal cortex to form the medulla at a later stage of development (10, 14 -16). The medulla is not recognized as a distinct structure in the HFA throughout most of gestation, except for small clusters or nests of chromaffin cells scattered throughout the body of the cortex (17-19). A more structurally discrete medulla does not form until after birth (10, 17).
Chromaffin cells appear to establish part of their phenotype as early as 6 wk gestation, as evidenced by the expression of chromogranin A and tyrosine hydroxylase (16, 20) . The widely accepted concept of a key role for adrenal glucocorticoids in chromaffin cell differentiation (21, 22) has been challenged by a recent study in mice lacking the glucocorticoid receptor (23); chromaffin cells in such mice develop quite normally (for review, see Refs. 24 and 25). Studies on interactions between the adrenal cortical cells and chromaffin cells have been reviewed elsewhere (22). However, such interactions of two cell types in the development of the human embryonic and fetal adrenal gland remain to be characterized.
B. Postnatal involution of the fetal zone of the adrenal cortex
Soon after birth, the HFA undergoes rapid involution due to the rapid disappearance of the FZ, with a decrease in androgen secretion (13, 14, 26 -29). As a consequence, the total weight of the glands decreases by approximately 50% (12, 30). The atrophy of the FZ appears to occur by apoptosis (31). The number of apoptotic nuclei increases markedly during the postnatal period, whereas it is very low in midgestation HFAs.
There is controversy about whether the timing of the fetal adrenal involution is determined by gestation or by birth. A morphometric study in autopsy cases and an ultrasonographic study during antenatal and neonatal periods indicate that the adrenal gland may shrink more rapidly in infants born at full term (32, 33). Longitudinal observations of infants born preterm showed that urinary excretion of FZ steroids (3␤-OH-5ene steroids) persists until term and then decreases as it does in full-term infants, suggesting that the HFA involution is related to gestational age rather than birth (34, 35) . In contrast, a more recent study has demonstrated a similar pattern of rapid adrenal involution and/or remodeling in all neonates examined, regardless of their gestational age at birth (26 -35 wk) (36). The size of the adrenal gland, as measured by ultrasonography, decreased to its normal infantile size within the first 2 wk after birth (36).
A gender difference does not appear to exist in FZ regression/involution in humans, at least in terms of hormone secretion, given the testicular secretion of androgens in male infants. In a study of Ben-David et al. (36) , serum levels of cortisol, dehydroepiandrosterone (DHEA) sul-fate (DHEAS), and androstenedione sharply decreased during the first week of life. However, only in males, androstenedione levels increased as of d 21. Garagorri et al. (37) reported that plasma levels of adrenal steroids, with the exception of cortisol, decreased progressively from birth to 6 months of age. Plasma levels of 17-hydroxyprogesterone, 11-desoxycortisol, and cortisol did not reveal gender differences, whereas testosterone and androstenedione levels were higher in males and DHEAS levels were higher in females.
Dramatic remodeling of the postnatal adrenal gland involves a complex combination of FZ regression and development of the zonae glomerulosa and fasciculata (13, 32) . Because morphological studies have identified rudimentary zonae glomerulosa and fasciculata during late gestation, the development of these zones may occur from their primordial structures, although there has been a general belief (14) that the adult cortical zones develop from the persistent DZ.
C. Prenatal adrenal growth and zonation
The weight of the developing human adrenal gland increases almost 10-fold from 8 to 10 wk post-conception (9) . Although the relative increase in adrenal weight is the greatest during the first trimester (38), the HFA grows rapidly thereafter until term. By 20 wk gestation, the gland becomes as large as the fetal kidney and by 30 wk achieves a relative size 10-to 20-fold that of the adult adrenal gland. A further doubling in fetal adrenal weight occurs thereafter, and by full term the HFA weighs approximately 3-5 g (5, 14) .
Numerous studies on development of the adrenal cortex have generated at least three general hypothetical models on zonation of the adrenal cortex: 1) the cell migration model; 2) the transformation field model; and 3) the zonal model (for review, see Ref. 39 ). An increasing number of studies support the cell migration model of adrenal cortical cytogenesis. In this model, each zone is derived from a common pool of progenitor cells, which then migrate and differentiate to populate the cortical zones. It is presumed that the progenitor cells are located in the periphery of the postnatal adrenal gland (i.e., zona glomerulosa/ zona fasciculata boundary and/or subcapsular layer) (40 -43). In the human adult adrenal cortex, immunoreactivity of Ki-67, an antigen associated with cell proliferation, was observed predominantly in the outer zona fasciculata but also in the zonae glomerulosa and reticularis (44). The adult rat has a layer of cells between the zonae glomerulosa and the fasciculata/reticularis that is nonsteroidogenic and is postulated to play a progenitor role (40, 41, 45) . A similar layer of putative progenitor cells also has been visualized in sheep (46) and marmoset (47) adrenals. Studies on adrenals of chimeric and transgenic rodents show variegated expression of chimeric or reporter genes in radial cords of cells from the subcapsular outer rim extending into the cortex, indicating a clonal origin of cells within each radial cord and supporting the migration theory (48 -51). Cells in the outer DZ of the HFA exhibit structural characteristics typical of cells in a proliferative state (i.e., small cytoplasmic volume containing free ribosomes; small, dense mitochondria with lamelliform cristae and scant lipid) (52). Most of them are positive for the proliferation markers proliferating cell nuclear antigen and Ki-67 in the midgestation HFA (31, 53). In contrast, cells in the inner FZ are less positive for these markers. Centripetal migration of lipid-containing cells from the DZ to the FZ in the HFA was reported in earlier studies (10, 14). Jirasek (5) described the presence of daughter cells that result from mitoses in the DZ and form cords invading the outer layers of the FZ. Thus, in human fetuses, it is likely that cells proliferate in the periphery of the cortex and subsequently migrate centripetally (by active migration or passive mitotic pressure) and populate the rest of the gland (Fig. 1) .
The origin of progenitor cells during embryonic and fetal adrenal development is unclear. Kim and Hammer (43, 54) and coinvestigators have hypothesized that the precursors in the adrenal primordia (adrenal blastema or the fetal cortex) of the early developing mouse adrenal give rise to Sf1-negative stem cells that reside in the adrenal capsule. In response to mitogenic/morphogenic signals, such Sf1-negative capsular stem cells would exit from the
FIG. 1.
Hypothetical model of development of the midgestation HFA gland. The schema shows the HFA cortex structure, which consists of the DZ, TZ, and FZ. The medulla is not recognized as a distinct structure in the HFA throughout most of gestation. Previous studies from our laboratory and others have demonstrated that the HFA cortex is a dynamic organ: hyperplasia occurs primarily in the DZ; hypertrophy occurs primarily in the FZ; and apoptosis occurs primarily in the central portion of the FZ. Thus, cells appear to proliferate in the periphery, migrate centripetally, differentiate to form the specialized cortical compartments, and then undergo senescence when they reach the center of the cortex. Recent studies indicate that angiogenesis (formation of new capillaries from preexisting blood vessels) occurs at the periphery of the gland. C, Capsule. capsular niche into the subcapsular environment, where they commence Sf1 expression and proliferate.
The rapid HFA growth is almost entirely due to enlargement of the FZ; by midgestation (16 -20 wk), the FZ clearly dominates in the gland. In contrast to the DZ, mitotic figures in the FZ are scant. The cell number of the FZ is not necessarily higher, but the size of it is much larger than that of the DZ. In the fetal rhesus monkey, Coulter et al. (55) demonstrated that growth of the FZ occurs primarily by hypertrophy, in response to increased endogenous ACTH secretion provoked by metyrapone treatment. Collectively, the FZ appears to grow by hypertrophy under limited cell proliferation.
Apoptosis also appears to occur in the developing HFA cortex. Jirasek (5) provided evidence of cellular apoptosis, determined by morphological criteria, in the HFA primarily in the central portions of the FZ. Spencer et al. (31) detected apoptotic cells by in situ analysis of DNA fragmentation and found that the labeling index of apoptotic nuclei is greater in the central areas of the FZ than in the DZ.
The disparate level of cell proliferation between the DZ and FZ and evidence of centripetal migration favor the migration theory of adrenal cortical development and suggest that the DZ is a pool of progenitor cells from which the inner cortical zones are derived. Thus, we have proposed that the HFA cortex is a dynamic organ in which cells proliferate in the periphery, migrate centripetally, and differentiate to form the specific cortical zones during their inward migration (and possibly continue to proliferate within the zones), only to undergo senescence when they reach the center of the gland (1, 31) (Fig. 1) . The size of the fetal adrenal cortex and its constituent, specialized cortical compartments, represents the net effect of forces that modulate these dynamic parameters of growth.
D. Functional development: ontogeny of steroidogenesis and functional zonation
The precise onset of function (i.e., steroidogenesis) and the functional zonation of the HFA cortex have been of great academic and potentially clinical interest. We previously reviewed the literature regarding this issue published before 1997 (1). Evidence is accumulating that the HFA cortex has the capability to produce steroids early in gestation. To avoid repetition, we will focus on recent findings and issues of importance in this section.
Cortisol production in early pregnancy
One of the major unsolved questions concerning function of the HFA is when it begins to produce cortisol. Early onset of cortisol production has been suggested by observations of infants affected with deficiency of 21-hydroxylase (CYP21), a steroidogenic enzyme in the cortisol synthesis pathway (Fig. 2 ) (for review, see Ref. 56 ). In such patients, the fetal adrenal cortex cannot synthesize adequate amounts of cortisol. The suppressed cortisol inhibits negative feedback at the fetal anterior pituitary, which leads to a compensatory increase in ACTH secretion. The elevated ACTH causes fetal adrenal hyperplasia and increases production of DHEAS because its biosynthesis is not affected by CYP21 deficiency. In the first trimester when sexual differentiation occurs, there is a relative lack of aromatase (CYP19) activity in contrast to high placental aromatase activity seen later in gestation. Thus, the primary clinical manifestations of CYP21 deficiency are those of androgen excess, which are first expressed in utero, resulting in virilization of the external genitalia of female fetuses. In this context, a recent case report by Mendonca et al. (57) provides important insights. They reported the first female case with homozygous disruption of the glucocorticoid receptor as well as haploinsufficiency of the CYP21 gene. Although patients with haploinsufficiency of CYP21 do not usually present with an abnormal genital phenotype (56), the Mendonca et al. (57) case was born with female pseudohermaphroditism. Thus, this case highlights the importance of a defective negative feedback at the corticotroph and of elevated ACTH levels in the pathogenesis of female virilization in CYP21 deficiency. Moreover, maternal administration of the synthetic glucocorticoid dexamethasone, which crosses the placenta, initiated before the seventh to eighth week of gestation, appears to prevent virilization of a female fetus with CYP21 deficiency (58, 59) . Because sexual differentiation of external genitalia begins at wk 7 of gestation and is complete by wk 10 (60), the androgen excess observed in CYP21 deficiency most likely occurs during this time window.
Recently, Goto et al. (9) performed a series of localization and functional studies that strongly support the concept of early fetal adrenal cortisol synthesis. The authors demonstrated by immunohistochemistry that steroid acute regulatory protein (StAR), cytochrome P450 cholesterol side-chain cleavage (CYP11A), 17␣-hydroxylase/ 17,20-lyase (CYP17), CYP21, and 11␤-hydroxylase (CYP11B1)/aldosterone synthase (CYP11B2) are not present at 41 dpc. However, at 50 -52 dpc they appear within the nascent inner FZ. In the outer DZ, expressions of StAR, CYP11A, CYP21, and CYP11B1/CYP11B2 are lower than in the inner FZ. CYP17 appears largely absent in the DZ. Up to 14 wk post-conception, their expression profiles persist in the FZ, whereas CYP17 is also weakly expressed in the DZ. The ontogenic expression profile of CYP17 is consistent with their previous study, in which scattered expression of CYP17 was noted in the DZ at 18 wk gestation (7). Our previous study (61) using midges-tation HFAs (15-24 wk gestation) also demonstrated some isolated DZ cells with CYP17 staining. Adrenal de novo cortisol synthesis requires expression and activity of type 2 3␤-hydroxysteroid dehydrogenase/⌬ 4 -5 isomerase (HSD3B2) (Fig. 2) . Goto et al. (9) demonstrated that HSD3B2 protein is not positive at 41 dpc. However, at 50 -52 dpc, HSD3B2-positive cells appear mostly at the interface between the DZ and FZ. The HSD3B2 expression becomes more widespread throughout the gland and peaks at 8 -9 wk post-conception. Thereafter, HSD3B2 immunoreactivity declines, and no protein can be detected at 14 wk post-conception. In parallel with this decreasing pattern of HSD3B2 expression, cortisol content per tissue weight in the first-trimester fetal adrenal, which is 9-to 18-fold higher than in the fetal kidney, decreases by approximately 50% between 8 and 10 wk post-conception (9). Goto et al. (9) further performed ex vivo tissue culture of human first-trimester fetal adrenals under conditions in which culture does not artificially cause HSD3B2 up-regulation, which usually matters in in vitro experiments (1), and showed that ACTH and forskolin increase adrenal cortisol secretion. Additionally, they demonstrated that human fetal corticotrophs at 8 wk post-conception secrete significant amounts of ACTH, which can be suppressed by dexamethasone. Thus, these studies provide not only proof that the HFA can produce cortisol, likely de novo from cholesterol, early in gestation, but also furnish a rationale for prenatal treatment with dexamethasone for female fetuses with CYP21 deficiency. Physiological significance of adrenal cortisol synthesis in the first-trimester fetus remains unclear. Goto et al. (9) hypothesize that the transient, early adrenal cortisol synthesis exerts a negative-feedback effect on ACTH secretion by the anterior pituitary corticotroph, thereby minimizing ACTH-induced androgen secretion to safeguard normal female sexual development.
Spatiotemporal expression of steroidogenic pathway components
Attempts have been made to examine spatiotemporal expression of components of steroidogenic pathways in the HFA. Previous (1) and recent data regarding the HFA expression of HSD3B2 are largely consistent with each other but somewhat conflicting in details. A synopsis is as follows: 1) there is a transient HSD3B2 expression in the first trimester (9, 62); 2) during most of the second trimester, the fetal adrenal expression of HSD3B2 is suppressed (11, 62-64); 3) however, after 23-24 wk gestation, HSD3B2 expression is detectable in the DZ and TZ (62, 64, 65) ; and 4) except in the first trimester, HSD3B2 is not expressed in the FZ (9, 62, 64, 66) . A recent cDNA microarray study demonstrated that HSD3B2 mRNA expression in HFAs (15-20 wk) is 21-fold lower than that of adult adrenals (67) . Although human adrenal HSD3B2 expression is spatially and temporally regulated during fetal life, the mechanisms regulating HSD3B2 expression remain poorly defined. An intriguing characteristic of FZ cells is that they do not express HSD3B2 in vivo but will readily express it in vitro when stimulated by ACTH (for detailed discussion, see Ref. 1). Thus, there may be a specific repressor that inhibits up-regulation of HSD3B2 in vivo in the HFA. Alternatively, a specific inducer for HSD3B2 expression may exist. The transcription factor nerve growth factor-induced clone B (NGFI-B) is likely one such inducer (68) and term, and in the DZ starting at 24 wk and continuing to term (64, 70) . The distribution of CYP17 is almost limited to the TZ and FZ throughout gestation; CYP17 is largely absent in the DZ (7, 11, 64) . Using an antibody that recognizes both CYP11B1 and CYP11B2, Coulter and Jaffe (70) found CYP11B1/B2 protein localization in the TZ and FZ of HFAs (13-24 wk), with higher expression in the FZ than the TZ. However, the DZ lacks CYP11B1/B2 protein. In this study, an antibody that recognizes both CYP11B1 and CYP11B2 was used. The authors further showed that, in the fetal rhesus monkey between 109 d and term, CYP11B1/B2 protein is detectable in all cells of the TZ and FZ but is absent in the DZ until near term. In addition, metyrapone-induced ACTH stimulation in the monkey induces CYP11B1/B2 expression in the DZ and up-regulates its expression in the TZ and FZ (70) . Freije et al. (71) detected CYP11B1 mRNA in both the DZ and FZ of the midgestation HFA using RNase protection assays and RT-PCR. By RNase protection assays, CYP11B2 mRNA was weakly positive after prolonged exposure in the DZ but was not detectable in the FZ, whereas the more sensitive RT-PCR detected CYP11B2 mRNA in both the DZ and FZ. Narasaka et al. (64) also investigated protein localization of other steroidogenic components in HFAs (14 -40 wk). DHEA sulfotransferase (SULT2A1), which converts DHEA to DHEAS, localizes to the TZ and FZ, but not to the DZ. P450 oxidoreductase and cytochrome b, which regulate the activity of CYP17 (72, 73) , are distributed to FZ and TZ cells. In the DZ, both proteins are absent until 22 wk but emerge after 23 wk. SF1 protein is expressed in almost all adrenocortical cells in the DZ, TZ, and FZ (64) . Significance of SF1 in the development of the HFA will be discussed in Section III.D.1. StAR protein, which regulates the rate-limiting step in steroid biosynthesis (for review, see Refs. 74 and 75), i.e., the intramitochondrial transport of cholesterol is found in FZ and TZ cells, but not in DZ cells until 22 wk gestation (64) .
The current data regarding the ontogeny of expression of steroidogenic components would account for zonal differential steroidogenic activity and its onset. The HFA cortex after midgestation is composed of three functionally distinct zones, each of which expresses different combinations of steroidogenic enzymes and cofactors ( Fig. 3) : 1) the DZ, which is the likely site of aldosterone synthesis late in gestation because of the persistent lack of CYP17, and the eventual expression of HSD3B2, CYP11A, CYP21, and probably of CYP11B2; 2) the TZ, which appears to be the site of cortisol production late in gestation based on the persistent expression of CYP17, CYP11A, CYP21, and the eventual expression of HSD3B2, and probably of CYP11B1; and 3) the FZ, which expresses CYP11A and CYP17 but not HSD3B2, is the site of ⌬5-steroid production, particularly DHEA and DHEAS, throughout most of gestation. The localization and ontogeny of the steroidogenic enzymes and cofactors fit well with the concept that the DZ develops to form the zona glomerulosa, the TZ is the equivalent of the zona fasciculata, and the FZ is analogous to the zona reticularis.
Ontogeny of steroidogenic activity
Data on the ontogeny of HFA steroidogenic activity are available from previous studies that include hormone determinations from cord blood and amniotic fluid, in vitro incubation and superfusion studies of HFA tissues, and perfusion of previable human fetuses with radiolabeled hormones. For detailed description of those studies, the reader is referred to our previous review (1) . Based on such data, along with the recent comprehensive analysis of ontogenic expression of the components of the steroidogenic machinery, the ontogeny of steroidogenic activity in the HFA is summarized as follows: 1) DHEAS production appears to begin at around 8 -10 wk gestation, continues thereafter, and increases considerably during the second and third trimesters, such that by term the HFA produces around 200 mg of DHEAS per day; 2) de novo cortisol production likely occurs transiently early in gestation (around 7-10 wk gestation); 3) due to the lack of HSD3B2 expression, de novo cortisol biosynthesis appears to be suppressed until late gestation when cortisol production escalates (76 -78); and 4) aldosterone synthesis in the HFA may be suppressed during midgestation due to the probable lack of CYP11B2 expression, but likely becomes active by term because 80% of aldosterone in human fetal blood at term appears to originate from the fetal adrenal (79).
In addition, Goto et al. (9) described the capacity of the HFA at 8 wk post-conception to secrete androgens. Androstenedione and testosterone were detected in the media of HFA tissue cultured overnight. In addition, the fetal adrenal secretions of such androgens are responsive to ACTH or forskolin. Because such adrenal androgen production is perfectly timed to influence the development of external genitalia, the investigators suggested that this ACTH-responsive androgen synthesis by the HFA may be partly responsible for the pathogenesis of virilization of the external genitalia seen in female infants with CYP21 deficiency. They also examined expression of the 17␤-hydroxysteroid dehydrogenase (HSD17B) isoforms, which can convert androstenedione to testosterone by RT-PCR and found that the type 5 isoform (HSD17B5; officially named AKR1C3) was more readily detected in the early HFA than HSD17B3 that is responsible for testosterone synthesis in the testis.
E. Angiogenesis and its regulation
The HFA is one of the most highly vascularized organs in the human fetus (12, 80). The development of an extensive vasculature in the organ is essential for organ growth and delivery of tropic agents (e.g., ACTH) and steroid hormone precursors to the gland and secretion of hormone products into the peripheral circulation. Here we review studies on HFA vasculature, angiogenesis (the process of formation of new capillaries from preexisting blood vessels), and its regulation.
Vasculature of the HFA gland
The extraorganic and intraorganic vascular systems of the human adult adrenal gland have been described (38, 81, 82). In general, the adrenal gland is supplied by arteries that arise from the renal and inferior phrenic arteries and the aorta. Earlier studies of the adult adrenal vasculature demonstrated significant variability in both origin and number of the adrenal arteries, which was consequently confirmed by a selective angiographic study of the adrenal glands in living adults. The adrenal arteries supply blood to a network of arterioles in the adrenal capsule, the subcapsular arteriolar plexus, which gives rise to capsular capillaries that are then in continuity with the thin-walled sinusoids of the zonae glomerulosa, fasciculata, and reticularis. The subcapsular arteriolar plexus also branches into medullary arteries, which traverse the cortex, and conveys blood directly to the adrenal medulla. Studies of the arterial blood supply to the HFA are limited. However, the sources of vessels for the HFA are similar to those for the adult adrenal (83, 84). The arterial blood supply to the HFA also is extremely variable in both the origin and number of the adrenal arteries (84).
The vasculature of the HFA gland is established by the eighth week of gestation when the adrenal is supplied by arteries from the descending aorta, and the capillary sinusoids within the gland form a continuum with the general circulation (5). Goto et al. (9) indicated that vascular channels positive for CD34, a vascular endothelial cell marker, penetrate the human embryonic adrenal gland between the aorta and mesonephros as early as 41 dpc, and vessel density increases at the periphery of the gland at 50 dpc. This timing of adrenal vascular establishment may be critical because the same investigators also provided evidence that the HFA can secrete cortisol after 8 wk postconception (9) (see Section II.D. 1 
.).
The general vascular pattern within the HFA appears to correspond to that previously described for the adult gland (82, 85-87). Pityń ski et al. (87), in a study using microcorrosion casts and scanning electron microscopy, described a dense vascular tree that shows a clear centripetal blood flow pattern. Thus, blood from superficial arteries and their branches would run through irregular capillaries of the subcapsular arteriolar plexus and the DZ, and then through the sinusoidal network of the FZ to the central vein. The authors also described the rare presence of medullary arterioles and absence of any portal systems. In addition, they noted the presence of circular impressions on casts of superficial arteries, suggesting existence of muscular sphincters, a circular arrangement of intimal connective tissue fibers, or smooth muscles (87). Thus, the HFA gland has a dense vascular system very similar to that of adults, which enables proximity between adrenocytes and endothelial cells, facilitating delivery of tropic agents, steroid hormone precursors, and hormone products, and is consistent with the fact that the organ is an active endocrine organ during fetal life.
Angiogenesis and its regulation
Angiogenesis, the process of formation of new capillaries from preexisting blood vessels, is considered an integral process for organ growth. Because the HFA undergoes a phase of rapid growth in midgestation, angiogenesis likely is essential for the rapid growth of the HFA.
Angiogenesis is partly mediated by proangiogenic factors such as fibroblast growth factor (FGF)-2 and vascular endothelial growth factor (VEGF)-A, both of which are potent mitogens for endothelial cells (88). Angiopoietin (Ang)-1 and Ang2 belong to a more recently identified family of endothelial cell-specific growth factors that also play a crucial role in angiogenesis (88, 89). Ang1 is expressed in a variety of tissues, whereas Ang2 expression is found primarily at sites of vascular remodeling, including the reproductive tract and placenta (90, 91). Both Ang1 and Ang2 bind their Tie2 receptor with high affinity. The currently accepted hypothesis is that Ang1 signals via Tie2 and promotes vessel stabilization and maturation, whereas Ang2 antagonizes Ang1/Tie2 signaling and destabilizes vessels, leading to either angiogenesis or vessel regression, depending on the presence of angiogenic stimuli such as FGF-2 and VEGF-A (88, 89). Studies from our laboratory demonstrated that VEGF-A, FGF-2, Ang1, Ang2, and Tie2 are expressed in the midgestation HFA gland (53, 92-95). Tie2 localizes exclusively to endothelial cells of the organ (95). A recent study by Ishimoto et al. (53) revealed that mRNA expression and protein localization of Ang2 and FGF-2 in the HFA gland show outer-zone predominance. VEGF-A protein localizes throughout the gland, whereas mRNA of VEGF-A follows the outer-zone predominance. In parallel to the outer-zone dominant proangiogenic factor expression, endothelial cell proliferation was restricted to the outer region of the HFA gland. Collectively, these results indicate that the periphery of the HFA is the primary site of angiogenesis ( Fig. 1) and that locally produced angiogenic factors such as Ang2, VEGF-A, and FGF-2 likely play a key role in angiogenesis of the HFA. We hypothesize that the outer DZ may benefit from a plastic vascular state to accommodate its proliferative phenotype, and that interactions between adrenal cortical and endothelial cells ensure a coordinate expansion of the vascular network as DZ cells proliferate and the organ grows.
Regulation of proangiogenic factors has been investigated in isolated adrenocortical cells from HFAs (53, 92, 94, 95). ACTH up-regulates VEGF-A in HFA cortical cells (94, 95). ACTH also increases mRNAs encoding Ang1 and Ang2 in HFA cortical cells, with an altered Ang balance in which Ang2 predominates and stimulates Ang2 protein expression (95). Because the growth-stimulatory actions of ACTH in the HFA are likely mediated, at least in part, by locally produced growth factors, acting in an autocrine and/or paracrine fashion (92, 96), and ACTH is not an angiogenic factor per se, these angiogenic factors may mediate the tropic action of ACTH, exerting parallel control over the fetal adrenal vasculature. In addition, Ang2 mRNA can be induced by FGF-2 in HFA cortical cells (53), partly explaining the parallelism observed in the outer-zone predominant expression patterns of Ang2 and FGF-2.
Taken together, these studies highlight the importance of coordinated organ and vasculature growth by interactions between adrenal cortical cells and endothelial cells in which FGF-2 and the vascular endothelial specific growth factors, Ang2 and VEGF-A, likely are involved.
III. Candidate Molecules Implicated in Human Fetal Adrenal Development and Function
Intensive efforts have been made to identify genes and gene products implicated in human adrenal development and function. The recent emergence of new technologies, such as cDNA microarray, laser-capture microdissection, and suppression subtractive hybridization, has provided researchers with new tools to tackle this issue.
A. Gene expression profiles of human fetal and adult adrenals
Marked structural and functional differences are observed between the human fetal and adult adrenal glands. Rainey et al. (67) have contrasted human fetal (15-20 wk) and adult adrenal gene expression profiles using cDNA microarrays. Among 69 transcripts that have a greater than 2.5-fold difference in expression between fetal and adult adrenals, the largest differences are observed for transcripts encoding IGF-II (25-fold higher in the fetal adrenal) and HSD3B2 (21-fold higher in the adult adrenal). Additionally, the transcript expression of the cholesterol biosynthetic enzyme, 24-dehydrocholesterol reductase, exhibits the strongest signal intensity in fetal adrenals. For adult adrenal RNA, the transcript of CYP11B1 has the highest signal intensity ranking (97).
Rehman et al. (98), using real-time RT-PCR, compared fetal and adult gene expression levels of components of the adrenal steroidogenic pathway. The study revealed higher fetal adrenal levels of transcripts encoding the components that favor enhanced synthesis of DHEA and DHEAS, the distinct phenotype of the HFA. Thus, transcripts were higher in the HFA for cytochrome b5 and P450 oxidoreductase that may increase P450c17 activity and SULT2A1 that catalyzes DHEA sulfurylation. In contrast, HSD3B2 mRNA was 127-fold higher in the adult adrenal, consistent with the previous result from the cDNA microarray experiments (67) .
More recently, Xing et al. (99) compared mRNA levels of a variety of G protein-coupled receptors between human fetal and adult adrenal glands. They found that transcript levels of six G protein-coupled receptors, including GnRH receptor, angiotensin-II (AT-II) type 2 receptor (AT2), and melanocortin 2 receptor [MC2R; or the ACTH receptor (ACTHR)], were significantly higher in fetal than adult adrenals.
B. Markers unique to zonal cellular subtypes
As noted, the HFA is comprised initially of two zones, the DZ and the FZ. A third zone, the TZ, develops between the two zones after midgestation. Identification of cellular markers unique to each zone of the HFA should be useful for purifying cells of the zone of interest and/or providing insight into the mechanisms underlying zonation of the HFA, which facilitates detailed molecular, cellular, and structural analysis toward a better understanding of HFA development and function (Fig. 4 ).
DZ cell markers
Ratcliffe et al. (100) used laser-capture microdissection to obtain cells from the DZ and FZ. They performed subtractive hybridization and found two previously described growth regulatory proteins, nephroblastoma overexpressed (NOV) and metallopanstimulin-1 (MPS-1) that are expressed almost exclusively in the DZ (100).
NOV (CCN3) is a recently described member of the cysteine-rich 61, connective tissue growth factor, NOV (CCN) family of growth regulatory proteins. The family members have described roles in regulating mitosis, cell adhesion, migration, growth arrest, apoptosis, differentiation, and tumorigenesis (101-103). In human adults, NOV is more strongly expressed in the adrenal cortex than in other endocrine tissues (103). Consistent with the notion that NOV is a DZ cell marker, immunohistochemical studies have demonstrated DZ-specific or DZ-predominant localization of NOV in HFAs from first and second trimesters (103, 104). The role of NOV in HFA development remains to be clarified. Several lines of evidence support its role in inhibiting growth while promoting differentiation (105). The amount of NOV increases in benign adrenocortical tumors, whereas it decreases in malignant adrenocortical tumors, suggesting a role for NOV as a growth regulatory protein (103). Alternatively, NOV may be a differentiating factor because, in NCI-H295R adrenocortical cells, expression of NOV is down-regulated by TGF-␤1 (106), which negatively regulates adrenal steroidogenesis. NOV also is negatively regulated by WT-1, the Wilm's tumor suppressor gene product (107). Of interest, mice lacking WT-1 fail to develop adrenals (107, 108).
Less is known about MPS-1, a zinc-finger phosphoprotein with DNA-binding properties belonging to the S27E family of ribosomal proteins (109). MPS-1 is highly expressed in a wide variety of actively proliferating cells, cancer cell lines, and malignant tumor cells, whereas it is generally underexpressed in normal adult cells (109 -111). Therefore, MPS-1 could play a role in modulating cell proliferation in the DZ. Alternatively, MPS-1 possibly mediates the suppressive effects of TGF-␤1 on steroidogenesis in the DZ, because MPS-1 can be up-regulated by TGF-␤1 in mammary carcinoma cells (109).
Ratcliffe et al. (100) also performed immunohistochemical screens and identified P-glycoprotein, the product of the multidrug resistance 1 (MDR1; or ABCB1) gene, as a DZ marker. P-glycoprotein is the prototype member of the family of ATP-binding cassette (ABC) transporters, which are ATP-dependent membrane proteins predominantly expressed in excretory organs, such as the liver, intestine, blood-brain barrier, blood-testis barrier, placenta, and kidney (112, 113). The ABC transporters are implicated in the absorption, distribution, and excretion of drugs, xenobiotics, and endogenous compounds. Pglycoprotein is expressed abundantly in the adult and fetal adrenal gland in many species, including human (114 -116). Its role in the adrenal gland is unknown. Several studies indicate that P-glycoprotein is involved in active efflux of steroids, particularly aldosterone and cortisol, from steroidogenic cells (117-119). The HFA expression of P-glycoprotein occurs after 22 wk (100). Of particular interest, consistent with this timing of P-glycoprotein ex-pression, the steroidogenic enzymes necessary for aldosterone synthesis begin to be expressed in DZ cells (11). In addition to its pump actions, P-glycoprotein also has been implicated in the protection of cells against apoptosis provoked by a variety of stimuli such as cytotoxic drugs and TNF-␣ (120, 121). A role for P-glycoprotein during cellular differentiation has also been proposed. P-glycoprotein and another ABC transporter, breast cancer resistance protein (ABCG2), are highly expressed in an enriched population of primitive stem cells: the side population (SP) (113). SP cells were originally discovered in bone marrow by their capacity to exclude rhodamine 123 and Hoechst dye 33342; however, mounting evidence also revealed their presence in other nonhematopoietic tissues. The expression of breast cancer resistance protein and P-glycoprotein are under strict control and may determine the differentiation of SP cells toward other more specialized cell types. Thus, P-glycoprotein expression is down-regulated during differentiation of pluripotent stem cells along the myeloid lineage (122), and overexpression of P-glycoprotein in mouse stem cells induces a myeloproliferative syndrome (123). In this context, P-glycoprotein expression in the DZ is consistent with our hypothesis that cells in the DZ may comprise a progenitor population, some of which migrate centripetally to populate the rest of the gland (1, 61, 100). P-glycoprotein, therefore, may be a useful cell surface marker to distinguish between those cells that have left the progenitor pool and differentiated into steroid-producing cells and the truly undifferentiated progenitor cells.
Recently, Muench et al. (61) found that the neural cell adhesion molecule (NCAM; CD56) can serve as a marker of DZ cells through an extensive series of phenotyping experiments using fluorescence-activated cell sorting. In isolated HFA cells, NCAM was expressed on a cell population of small, dense, low side-scatter cells that lack markers of hematopoietic origin (CD31, CD34, and CD235a), and this cell population was enriched for cells expressing NOV and MPS-1, the DZ cell markers (61) . NCAM is widely expressed in the nervous system and plays important roles in neurodevelopment (124, 125). NCAM also has been localized in nonneural tissues, including endocrine organs (126 -128). Functions of NCAM in the HFA remain to be clarified. NCAM can modulate cell motility and migration of glioma cells (129). It can also act as a receptor for a diffusible growth factor (130). In the context of the latter possibility, a recent study (131) indicating that NCAM may be a receptor for the heparin-binding growth factor midkine is of particular interest because midkine stimulates selective proliferation of DZ cells (132) where NCAM is localized at the membrane. Muench et al. (61) also described islands of NCAM-positive cells that likely represent chromaffin cells. Chromaffin cells are a major component of the adrenal medulla. However, during primate fetal life, a wellformed medulla is not present before birth (17, 18). It is evident that functions of NCAM in HFA development should be explored in future studies.
FZ cell markers
Immunohistochemical studies have revealed several proteins that localize exclusively in the FZ. The low-density lipoprotein (LDL) receptor is one such protein. Despite its FZ-specific immunoreactivity (100, 133), analysis of zonal mRNA expression of the LDL receptor, using laser-capture microdissection and real-time RT-PCR, demonstrates only a 2-fold difference in LDL receptor mRNA levels between the FZ and DZ (133), suggesting that the expression of the LDL receptor may be regulated mainly at the translational level. Given the important role of the LDL receptor in de novo steroidogenesis in the adrenal gland and the DZ's lack of steroidogenic activity until close to term (11), DZ cells would not be expected to express the LDL receptor at midgestation. SALL1 [human homolog of spalt (sal), a region-specific homeotic gene in Drosophila melanogaster] protein is a zinc finger transcriptional repressor and may be part of the NuRD histone deacetylase complex. Defects in the gene SALL1 are a cause of Townes-Brocks syndrome, a disorder with multiorgan dysgenesis including renal and genital malformations (134). Expression of SALL1 appears confined to the pituitary-adrenal-gonadal axis and the placenta (135). Distribution of SALL1 is restricted to the FZ of the midgestation HFA, whereas it is observed in all zones of the adult adrenal cortex, suggestive of its association with steroidogenesis. Interestingly, in a recent study using human adrenocortical H295R cells (136), SALL1 expression was induced by AT-II. Furthermore, SALL1 was shown to decrease expression of CYP11B1 and CYP11B2 in cotransfection reporter assays. SPARC (secreted protein acidic and rich in cysteine), a matricellular protein, also localizes strictly to the FZ of the midgestation HFA (133) (see Section III.C).
G protein ␣-subunits
Heterotrimeric (␣␤␥) G proteins are central components of the primary mechanism to receive, interpret, and respond to a variety of extracellular stimuli (137, 138). Breault et al. (139) described differential expression of G protein ␣-subunits in the HFA. Interestingly, the ␣-subunits had a specific pattern of distribution, other than the ␣ s subunit that was detected in all adrenal cell types except for endothelial cells. The ␣i l-2 subunit was restricted to the DZ, whereas ␣i 3 staining was mainly seen in the FZ. The Endocrine Reviews, June 2011, 32(3): edrv.endojournals.org␣ q subunit was localized in vascular endothelial cells at the periphery and in FZ cells at the center of the gland. Chromaffin cells expressed ␣ s , ␣ q , and ␣ o1 , but not ␣ o2 nor ␣ i . G protein-coupled receptors, including the ACTH receptor and AT-II receptors, play a crucial role in HFA development and function (1, 99) . Therefore, the differential expression of G protein ␣-subunits may partly explain the zonal or cell-type specific responses to stimuli and the uniqueness of the HFA phenotype.
C. Extracellular matrix (ECM) environment
Mounting evidence indicates that the extracellular microenvironment can orchestrate functions such as cell proliferation, migration, differentiation, and apoptosis, essential components of organogenesis (140, 141).
Earlier studies showed growth-promoting effects of ECM components on bovine and human fetal adrenocortical cells in culture (142-146). Crickard et al. (142) showed that isolated fetal adrenocortical cells maintained on an ECM prepared from bovine corneal endothelial cells had a higher growth rate than cells maintained on plastic alone. Recently, Chamoux et al. (147) revisited this issue and demonstrated that isolated HFA cells grown on collagen IV and, to a lesser extent, on laminin favor cell proliferation, whereas cells grown on fibronectin become more apoptotic. In an earlier study, the same group of investigators examined the spatial distribution of these structural components of the ECM in second-trimester HFAs (148). Collagen IV was localized evenly throughout the midgestation HFA. The distribution of fibronectin and laminin exhibited a mirror image of each other; fibronectin was more abundant in the central portion, and laminin was mainly found at the periphery of the gland (148). In addition, several integrin subunits, which can serve as receptors for ECM components, have been localized in the HFA. The ␣1-and ␣2-subunits were found mainly in the DZ and in the TZ, respectively. The ␣3-subunit that binds both fibronectin and laminin was detected only in the FZ. The ␤2-subunit was observed exclusively in chromaffin cells (148). Similar results for integrin localization were obtained in the other study where distribution of laminin chains, laminin-binding integrins, and non-integrin receptors was examined in the HFA (149). Laminin ␣2 and ␣5 chains were weakly localized in the DZ, and laminin ␣4, ␤1, and ␥1 chains were observed around vessels. A punctate distribution of dystroglycan was seen mainly in the DZ and weakly in the FZ. Chamoux et al. (147) also found that cell morphology can be affected by environmental cues; for example, HFA cells grown on laminin appear rounded, clustered, and smaller, resembling the morphology of DZ cells. They further demonstrated that the ECM components modulate the profile of steroidogenesis by HFA cells. Collagen IV favors ACTH-or AT-II-stimulated cortisol secretion and elevated DHEA secretion stimulated by an agonist for AT2. In contrast, laminin and fibronectin diminished responsiveness to ACTH in relation to cortisol production while increasing ACTH-induced DHEA and DHEAS secretion. Collectively, the differential distribution of the ECM structural proteins may explain some aspects of the zone-specific cellular behavior seen in the HFA.
Matricellular proteins, a term coined by Bornstein (150), are another class of ECM components. They are secreted macromolecules that interact with cell-surface receptors, ECM, growth factors, and/or proteases but do not themselves subserve strictly structural roles, unlike other ECM proteins such as laminin and fibronectin. They disrupt cell-matrix interactions and are involved in tissue remodeling, morphogenesis, and vascular growth. The group includes thrombospondins, tenascin C, and SPARC. Among them, SPARC shows abundant expression in the midgestation HFA and a unique FZspecific localization (133). SPARC modulates cell proliferation and migration. Its expression appears limited largely to tissues undergoing remodeling, morphogenesis, or tissue repair (151). Thus, SPARC could exert an antiproliferative and antimigratory effect, reflected by the selective expression of SPARC in the FZ, where cell proliferation is less and cell migration should terminate rather than be initiated.
D. Transcriptional regulators
Studies of experimental animal models and humans are beginning to unravel the mechanisms of transcriptional regulation responsible for organogenesis of the human adrenal cortex (for review, see Refs. 152 and 153). An increasing number of transcription factors has been implicated in adrenal development. Among them, SF1 and DAX1, which have been most extensively investigated and play essential roles in normal adrenocortical differentiation and development (154 -159). In addition, SF1 is a key transcriptional activator of numerous genes involved in steroidogenesis (154, 158), whereas DAX1 acts as a negative regulator of SF1-induced transactivation (157, 159).
SF1 and DAX1
An extensive body of evidence delineates essential roles for SF1 in regulating adrenocortical differentiation and function. SF1 is expressed in the HFA from its earliest stages of development-initially in the adrenogonadal precursors, and subsequently in both the FZ and DZ of the gland (7). SF1 is expressed in all zones of the human adult adrenal cortex. SF1 regulates the transcription of multiple genes involved in steroidogenesis, reproduction, and male sexual differentiation (154, 158). For example, an SF1 response element has been identified within the proximal promoter region of the genes encoding the ACTH receptor, StAR, CYP11A1, CYP17, HSD3B2, CYP21, CYP11B, and SULT2A1 (158, 160 SF1 knockout mice lack adrenals and gonads and die shortly after delivery due to severe adrenal insufficiency (162, 163). These mice also exhibit male-to-female sex reversal of their genitalia, impaired gonadotropin expression, and agenesis of the ventromedial hypothalamic nucleus (162, 164). Heterozygous mice with one disrupted allele of the SF1 gene show a decrease in adrenocortical volume, coupled with decreased stress-induced corticosterone response (165). Thus, in mice, SF1 regulates fundamental events in adrenal and gonadal differentiation. Recent evidence suggests a similar role for SF1 in the regulation of adrenal development in humans. SF1 mutations have been identified in an increasing number of patients with impaired adrenal development and/or sexual differentiation disorder (166 -175). The first three cases presented with early onset of adrenal insufficiency with or without gonadal dysgenesis (166 -168). Biason-Lauber and Schoenle (168) described a prepubertal girl with heterozygous mutation of the SF1 gene that presented with adrenal insufficiency but apparently had normal ovaries, suggesting that ovarian development requires only one functional SF1 allele. More recent individuals presented with various degrees of gonadal dysgenesis with normal adrenal function (171) . The underlying mechanisms by which SF1 mutations give rise to gonadal dysgenesis while not affecting adrenal development and function remain to be elucidated.
DAX1 is another important regulator of adrenal development. Mutations in the DAX1 gene give rise to Xlinked adrenal hypoplasia congenita, an inherited disorder characterized by manifestations in infancy of adrenal insufficiency and hypoplasia of the HFA with an absence or near absence of the DZ and a structural disorganization of the FZ (176, 177) . The tissue distribution of DAX1 (adrenal cortex, gonads, hypothalamus, and pituitary) overlaps that of SF1. Thus, SF1 and DAX1 may be coregulators of steroidogenic tissue development and function. In human embryos, both SF1 and DAX1 are expressed throughout the developing adrenal gland from its inception at 33 dpc (7) . In situ hybridization signal intensities of SF1 transcripts were greater than those for DAX1 at all embryonic stages. Lower levels of SF1 and DAX1 expression persisted throughout the HFA cortex at 18 wk gestation (7).
These concordant expression patterns very likely reflect the interplay between SF1 and DAX1. DAX1 is one of the target genes for SF1 (178) , and DAX1, in turn, inhibits SF1-mediated transcription, likely by recruiting corepressors to the transcriptional complex (179, 180) . The adrenal insufficiency in SF1 haploinsufficient mice was partially rescued by knockout of DAX1 (180), suggestive of the importance of a functional antagonism between SF1 and DAX1 in adrenal development. On the other hand, DAX1 expression is unimpaired in SF1 null mice (181) , and no change was noted in SF1 expression in the adrenals of DAX1 knockout male mice (180) . The mechanism that underlies the differential interplay between SF1 and DAX1 remains unclear.
Recent studies reveal the complexities of DAX1 regulation and function. These include identification of an alternatively spliced variant, DAX1A, and of DAX1 homodimers and heterodimers (177). Niakan et al. (182) have proposed a novel role for DAX1 in the maintenance of a relatively undifferentiated state. They demonstrated that knockdown of murine DAX1 expression by RNA interference, as well as conditional knockout of the DAX1 gene, induced differentiation in murine embryonic stem cells. Battista et al. (183) examined DAX1 localization in the midgestation HFA. DAX1 protein is localized mainly in the nucleus of DZ cells and in the cytoplasm of FZ cells, whereas the number of DAX1-positive cells decreases from the periphery to the center of the gland. Lehmann et al. (184) reported that the localization of DAX1 adrenal hypoplasia congenita mutant proteins is significantly shifted toward the cytoplasm and that cytoplasmic localization of DAX1 adrenal hypoplasia congenita missense mutants directly correlates with the magnitude of the impairment in their transcriptional repression activity. DAX1 functions as a potent negative regulator of steroidogenesis (157). Thus, nuclear DAX1 in the DZ may represent the undifferentiated, nonsteroidogenic phenotype of DZ cells. Because the X-linked form of adrenal hypoplasia congenita is associated with the absence of the DZ, these results are consistent with the hypothesis that the DZ is a pool of undifferentiated, progenitor/stem cells.
NGFI-B family members
Members of the NGFI-B family of transcription factors, particularly NURR1 and NGFI-B (also termed Nurr77 or NR4A1), regulate transcription of the steroidogenic enzymes CYP21, HSD3B2, and CYP11B2 (68, (185) (186) (187) (188) . Immunoreactivity of NURR1 and NGFI-B is detected at high levels in the DZ of the HFA and zona glomerulosa in the postnatal adrenal cortex (188) . A microarray study shows that NGFI-B mRNA expression is 7.5-fold higher in adult than fetal adrenals (67) . By using transient transfections into NCI-H295R adrenocortical cells, Bassett et al. (188) found that NGFI-B stimulates HSD3B2 reporter activity without an effect on a CYP17 promoter construct. In addition, NGFI-B expression parallels that of HSD3B2 in the human fetal and adult adrenal glands. Likewise, Goto et al. (9) found that HSD3B2 and NGFI-B share a remarkably similar transient pattern of expression in the early HFA. Of particular interest, infection of primary human adrenal FZ cells, which express little or no HSD3B2, with adenovirus containing NGFI-B increased cortisol secretion by 8-fold and induced HSD3B2 mRNA expression by 26-fold over that observed in mock infected cells. These results support a role for NGFI-B as a regulator of the temporal and zone-specific expression of HSD3B2 in the HFA, whereas there still remains the question of the factors controlling the characteristic expression profile of NGFI-B.
Other transcription regulators
Expression of several transcription factors is found in the HFA. As described in Section III.B.2, immunoreactive SALL1 is restricted to the FZ of the midgestation HFA, whereas it is observed in all zones of the adult adrenal cortex (135). The GATA family of transcription factors are emerging as novel regulators involved in the development and differentiation of steroidogenic tissues (189, 190) . Among the family members, GATA-4 and GATA-6 are expressed in the HFA cortex (191) . Adrenal GATA4 expression is down-regulated postnatally, whereas GATA-6 expression persists. GATA-4 and GATA-6 regulate transcription of genes encoding steroidogenic enzymes and cofactors, including CYP17, HSD3B2, SULT2A1, and cytochrome b5 (192) (193) (194) (195) . Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 (CITED2) is a transcriptional coregulator of cAMP response element binding protein (Cbp) and p300 (196) . Immunoreactive CITED2 in an 8-wk human adrenal was restricted to the DZ (197) . In NCI-H295R cells, FGF-2, but not ACTH, stimulates CITED2 promoter activity, mRNA, and protein expression (197) . Recent in situ hybridization studies showed that transcripts of CITED2 and pre-B cell leukemia transcription factor 1 (PBX1), a homeobox protein (198) , were expressed throughout the adrenal gland in a 10-wk human fetus (199) . The study also demonstrated, using adrenocortical NCI-H295R cells, that transcription of the CITED2 and PBX1 genes is activated by SF1, and PBX1 is synergistically activated by SF1 and DAX1. Immunoreactivity of chicken ovalbumin upstream promoter transcription factor (COUP-TF)-II is found in the DZ and FZ of the HFA, as well as in all three zones of the adult adrenal cortex, but not in the medulla (200, 201) . COUP-TFII immunoreactivity is intense in the zona glomerulosa and weak in the zonae fasciculata and reticularis from 7 months to 8 yr of Studies in mutant mice and human subjects have identified more molecules involved in early stages of adrenal development (i.e., differentiation of the adrenogonadal primordium from the urogenital ridge and formation and differentiation of the adrenal primordium). These molecules, most of which are transcription factors, include GLI3, SALL1, FoxD2, WT1, WNT4, PBX1, Acd, and CITED2 (152, 153). Mice lacking or having defects in each of those genes exhibit an adrenal phenotype. In humans, most of those genes demonstrate no adrenal phenotype when mutated, or human mutations have not been reported. An exception is the Pallister-Hall syndrome, an autosomal dominant disorder caused by GLI3 frameshift mutations that generate a truncated protein. Some patients with Pallister-Hall syndrome manifest absence or hypoplasia of the adrenal glands, as well as kidney malformation (205, 206). The reasons for the phenotypical differences between mice and humans remain unknown. For detailed descriptions of the mutant mice and genes, the reader is referred to recent excellent reviews (152, 153).
E. Role of growth factors
ACTH, the primary regulator of fetal adrenocortical development, stimulates proliferation of adrenocortical cells in vivo, whereas it is not a mitogen for adrenocortical cells in vitro. Therefore, it seems likely that the trophic actions of ACTH may be mediated by locally produced growth factors that act in an autocrine and/or paracrine fashion. Numerous studies have examined in vivo and in vitro expression of such growth factors, their functions, and regulation. These include FGF-2 (also called basic FGF), epidermal growth factor (EGF), IGFs, activins/inhibins, and TGF-␤. The literature before 1997 on these issues was reviewed previously (1, 207) . In summary, in vitro studies indicate that FGF-2, EGF, and IGF-I/II act as mitogens for human fetal adrenocortical cells, whereas activin-A and TGF-␤ inhibit proliferation. ACTH up-regulates expression of FGF-2, IGF-II, and the activin-inhibin subunits by isolated human fetal adrenocortical cells. Additionally, IGF-II, activin-A, and TGF-␤ modulate ACTHinduced steroidogenesis. This section focuses on recent findings.
A comparative tissue microarray analysis revealed genes that are expressed much higher in the HFA than in adult adrenals (67) . Among them, the gene for IGF-II is most highly expressed in the HFA compared with the adult adrenal (25-fold higher in the HFA), consistent with previous studies that have demonstrated abundant IGF-II expression in the HFA, suggesting a key role for IGF-II in HFA development. In contrast, IGF-I is down-regulated in vivo in the HFA, and it localizes only in the HFA capsule. IGF-II markedly augments the steroidogenic responsiveness (DHEAS and cortisol production) of isolated FZ cells to ACTH without affecting abundance of mRNA encoding the ACTH receptor (208). In primary cultures of human adrenal FZ cells, IGF-II enhances ACTH-induced upregulation of CYP11A, CYP17, and HSD3B2, and directly stimulates basal expression of CYP17, but not of CYP11A and HSD3B2, which could partly explain the increased androgen production by the FZ (208). Based on current data, most of the effects of IGF-II are believed to be mediated via the IGF type 1 receptor (208), which can bind to both IGF-I and IGF-II, but not through the type 2 receptor that binds exclusively to IGF-II. Transcript expression of the IGF type 1 receptor is slightly higher in HFAs than adult adrenals (67) . Studies from the baboon show that mRNA encoding the IGF type 1 receptor peaks at midgestation (209). However, ontogenic changes in expression of the IGF type 1 receptor in the HFA are not known.
Activins and inhibins are members of the TGF-␤ superfamily of proteins (210). Activin and inhibin are homodimeric (␤A-␤A, ␤B-␤B, or ␤A-␤B) and heterodimeric (␣-␤A or ␣-␤B) glycoproteins, respectively. Immunoreactivity for all three subunits is found in both the DZ and FZ of the HFA (211, 212). In a recent study, mRNA expression of activin type I/II receptor and inhibin receptor (betaglycan and inhibin-binding protein) is observed in HFA tissue, suggesting that the activin/inhibin system is operative in the gland (213). Furthermore, ACTH stimulates secretion of inhibin A and B, but not of activin A, in isolated HFA cortical cells (213). Previously, Spencer et al. Previous studies showed that isolated DZ cells were more responsive to the proliferative effects of FGF-2 and EGF (142, 144). Because DZ cells have a proliferative phenotype in vivo, the findings may reflect that DZ cells per se may be more responsive to proliferative stimuli provided by growth factors. Alternatively, there may be another mechanism that maintains the proliferative DZ cell phenotype. The recent finding of DZ-predominant expression of FGF-2, as revealed by laser-capture microdissection and immunocytochemistry, supports this possibility (53). Furthermore, recent identification of the heparin-binding growth factor, midkine, as a DZ-selective growth factor, provides insight (132). Midkine belongs to a family of heparin-binding growth/differentiation factors that share functional, but not structural, features with the FGF family (214, 215). Although midkine has been most extensively studied in neural tissue, its presence is found in a wide variety of organs and tissues. The expression of midkine is developmentally regulated; it is highly expressed during midgestation. Ishimoto et al. (132) described the expression, function, and regulation of midkine in the HFA. Midkine expression is abundant in the midgestation HFA. Indeed, midkine mRNA levels are 4-fold higher than in adult adrenals, consistent with the recent data in a DNA microarray study (67) . Addition of recombinant human midkine stimulates proliferation of isolated DZ cells, but not FZ cells, although FGF-2 induces proliferation of cells from both zones. The study also demonstrates that midkine expression is up-regulated by ACTH. Thus, midkine appears to be another ACTH-inducible growth factor that mediates the trophic actions of ACTH. Pharmacological interventions indicated that phosphatidylinositol 3-kinase, MAPK kinase, and Src family kinases may mediate the midkine-induced DZ cell proliferation (132). In a related manner, a recent study reveals that mRNAs of several Src family kinases (Src, Fyn, and Yes) are expressed in midgestation HFA tissue (216).
F. Placental factors: role of estrogens
Several observations support the concept that HFA growth and function are influenced by factors derived from the placenta. Of particular note is that the FZ rapidly involutes or is remodeled immediately after birth when placental factors are no longer available. An increasing number of placenta-derived factors have been identified. These include hormones (e.g., human chorionic gonadotropin, CRH, ACTH, and estrogens) and growth factors (e.g., EGF, FGF-2, and IGF-II) as we reviewed previously (1). The major foci of recent studies have been on placental CRH and estrogens. The biology and actions of CRH in the human feto-placental unit will be discussed separately (see Section V.C). Here we discuss whether and how placenta-derived estrogens may regulate the development and function of the HFA.
The human placenta produces large amounts of estrogens by aromatization of C19 precursors, DHEAS and its 16-and 15-hydroxylated metabolites produced by the HFA and fetal liver. Copious amounts of estrogens in the form of estrone, estradiol, estriol, and estetrol can be detected in the circulation of pregnant women (217). The human placental estrogen synthetic pathway is incomplete. The placenta does not produce estrogens de novo from acetate or cholesterol because it lacks the cytochrome P450 enzyme CYP17 (218, 219). Accordingly, human placental estrogen synthesis is dependent on the supply of C19 androgen precursors from other steroidogenic origins. In human pregnancy, the principal C19 precursor for placental estrogen biosynthesis is supplied by fetal and maternal adrenals in the form of DHEAS (217). In the placenta, the sulfatase enzyme acts to remove the sulfate moiety from DHEAS, and then, by the actions of 3␤-and 17␤-hydroxysteroid dehydrogenase enzymes, DHEA is converted to androstenedione and testosterone, which are subsequently converted to estrone and estradiol, respectively, by the enzyme CYP19. During most of gestation, placental estrone and estradiol are derived from DHEAS that is contributed approximately equally in terms of amounts by the fetal and maternal adrenals.
Estriol, another estrogen produced by the human placenta, increases progressively through pregnancy and exceeds the production rates of estrone and estradiol by late gestation (217). Because the placenta lacks the 16-hydroxylase enzyme, it can only produce estriol from a 16-hydroxylated C19 steroid precursor (2) . Some of the DHEAS produced by the HFA is converted to 16␣-hydroxy-DHEAS primarily by the fetal liver and, to a limited extent, within the HFA itself (220). In contrast, a supply of 16␣-hydroxy-DHEAS by the maternal side is limited. Indeed, more than 90% of estriol is of fetal origin. The placenta converts 16␣-hydroxy-DHEAS to 16␣-hydroxy-DHEA that is subsequently aromatized to estriol. Thus, placental estriol production (hence, maternal estriol) directly reflects fetal adrenal steroidogenic activity. Estetrol is also a placental estrogen derived from a precursor of fetal origin (221). Estetrol is produced after 15␣-and 16␣-hydroxylation by the fetal liver. Placental estetrol production is limited, and its physiological roles remain unknown.
Not all of the estrogens in the maternal circulation exist in the biologically active unconjugated form (217, 222, 223). Estrone exists mainly as a sulfate, whereas estradiol is present mainly (70 -80%) in the unconjugated form. In contrast, estriol is found primarily (90 -95%) in its conjugated form. Therefore, despite the robust production rate of estriol in the late-gestation placenta, target tissues of estrogen action may be exposed to similar bioavailable amounts of estrone, estradiol, and estriol.
The incomplete steroidogenic pathways, existent in the HFA, fetal liver, and placenta, constitute a complete estrogen-synthesizing system, the feto-placental unit (2) . It is clear that one of the physiological functions of the HFA is to provide C19 substrate to the placenta for the formation of estrogens. Given the coordinated relay of steroid products between the HFA and placenta, it is tempting to postulate that placental estrogens serve as a regulator of HFA development and function.
The effects of estrogens on target tissues are mediated via nuclear estrogen receptors (ERs), ER␣ and ER␤. ER␤ mRNA, but not ER␣ mRNA, is expressed in human fetal (224, 225) and postnatal developing adrenals (226). Immunoreactive ER␤ is restricted to the DZ of the HFA at mid-and late gestation (225). In contrast, ER␤ mRNA and protein are expressed in the postnatal, involuting FZ, and in zona reticularis of post-adrenarchal human adrenals (226). Of interest, in baboon fetal adrenals, both ER␣ and ER␤ proteins are predominantly localized in the DZ at mid-and late gestation (227).
In vitro studies indicate that placental estrogens may influence steroid production by the HFA. Estradiol inhibits production of ACTH-stimulated cortisol, whereas it enhances that of ACTH-induced DHEAS by cultured human fetal adrenocortical cells (228 -231). Implications from these studies are summarized in three statements: 1) effects of estradiol on FZ steroidogenesis are exerted at the level of the activity of steroidogenic enzymes rather than their gene transcription; 2) estradiol favors DHEAS production (the FZ phenotype) by inhibiting activity of, but not expression of, HSD3B2; and 3) any estrogen effects on FZ function are not mediated through classic ER interactions.
However, studies in pregnant baboons, performed by Pepe, Albrecht, and colleagues (232), indicate a negative feedback regulation whereby placental estrogens suppress fetal adrenal DHEA production. Recently, they demonstrated that estrogen deprivation, by administration of the aromatase inhibitor CGS 20267, increased fetal adrenal weight and volume and the DHEAS levels in umbilical artery serum, an estimate of the FZ steroidogenic activity (233). Additionally, these changes by estrogen suppression were restored by concomitant administration of CGS 20267 and estradiol. Furthermore, estrogen deprivation caused an increase in FZ volume, whereas it did not affect the volumes of the DZ and TZ or fetal serum cortisol levels. Therefore, these authors suggest that estrogen selectively represses the morphological and functional development of the FZ, thereby maintaining physiological secretion of estrogen precursors by the FZ.
As noted above, there is a significant difference in effects on the fetal adrenal cortex by placental estrogens between humans and baboons. Because the FZ does not appear to express significant amounts of nuclear ERs in both species, future studies may be directed toward nongenomic actions and processes of estrogens including membrane ERs (234, 235).
IV. Regulation by ACTH, Pituitary Proopiomelanocortin-Derived Peptides, and Angiotensin-II

A. ACTH and pituitary proopiomelanocortin (POMC)-derived peptides
Several lines of evidence, such as experiments of nature in humans (e.g., anencephaly), in vitro experiments using human tissue, and in vivo studies in subhuman primates, establish the primary role of ACTH secreted by the fetal pituitary in regulating growth and function of the fetal adrenal cortex in humans and subhuman primates. To avoid repetition, the reader is referred to our previous review (1) for a description of those studies published before 1997. This section will cover key studies and recent data on pituitary ACTH and POMC-derived peptides relevant to HFA development and function.
Pituitary ACTH
Recently, Goto et al. (9) addressed the question of how early in gestation the fetal pituitary-adrenal axis becomes functional. The fetal pituitary was negative for ACTH immunoreactivity at 41 dpc. Consistent with a previous study (236), cytoplasmic ACTH became discernible at 50 -52 dpc, simultaneously with the onset of adrenal steroidogenic enzyme expression (9) . The expression of ACTH overlapped with that of the nuclear glucocorticoid receptor. ACTH expression increased in the anterior pituitary at 8 wk post-conception. Furthermore, overnight in vitro adrenal tissue culture at 8 wk post-conception indicated that the corticotrophs of the early pituitary secrete abundant ACTH, which was suppressed by dexamethasone. These results suggest that the fetal pituitaryadrenal axis is functional at an early fetal age. Despite these results indicating the actions of ACTH on the HFA at early gestation, normal adrenal development is observed before 10 -15 wk gestation in anencephalic fetuses (presumably with markedly reduced ACTH) (237, 238), suggesting that the early development of the HFA is ACTH-independent. Thus, ACTH may affect the function of the HFA at early gestation, but not its structural development.
Studies in human and nonhuman primate fetuses indicate that the structural development of the DZ is independent of ACTH. The DZ appears normal in anencephalics despite the absence of ACTH stimulation (237-239). In baboon fetuses, ACTH administration increased, whereas glucocorticoid treatment decreased, the size of the TZ and FZ (240 -242). However, neither treatment had an effect on the size of the DZ (241). In contrast, functional maturation of the DZ appears to be regulated by ACTH, at least in primate fetuses (209, 240, 242, 243).
Signals from ACTH are mediated via activation of the ACTHR (also known as the melanocortin 2 receptor or MC2R) (244). ACTHR mRNA was detected in the HFA as early as 8 wk post-conception (9). In our previous study using in situ hybridization, ACTHR mRNA expression levels, as judged by hybridization signal intensities, were highest in the outermost zones (i.e., the DZ) and decreased in the more central areas of the HFA at midgestation (245). Similar results were reported in the baboon fetal adrenal gland (240, 246). Although these results suggest that DZ cells may be more responsive to ACTH, both in vivo and in vitro studies indicate that the DZ cells of human and nonhuman primate fetal adrenals are not responsive to ACTH, as stated above (1, 241) . A possible explanation is that signal intensities generated by in situ hybridization can be influenced by cell density and size. Because cells in the DZ are more tightly packed and much smaller than in the FZ, this could affect hybridization signal intensities. In a more recent study, we revisited this issue, using laser capture microdissection coupled with real-time quantitative RT-PCR, and found that ACTHR mRNA is higher in the FZ than in the DZ of the midgestation HFA (133), indicating the importance of using more sensitive, and quantitatively and spatially accurate techniques. Mutations of the ACTHR gene account for approximately 25% of cases with the inherited disease, familial glucocorticoid deficiency (FGD) (247, 248). More recently, MC2R accessory protein (MRAP), a novel interacting partner of ACTHR that is essential in the trafficking of ACTHR to the cell surface (248, 249) , was identified, and mutations of the MRAP gene are found to be responsible for 15-20% of cases with FGD (248). FGD is characterized by glucocorticoid deficiency in the absence of mineralocorticoid deficiency. Patients with FGD typically present with hypoglycemic seizures, hyperpigmentation, recurrent infections, failure to thrive, collapse, and coma during the neonatal period or childhood. The adrenal glands in such patients usually are small in size. In most cases, adrenal glands appear to show a failure of development of the zona fasciculata and reticularis, consistent with the glucocorticoid deficiency (247). Intriguingly, there is an analogy between the adrenal histological appearance of FGD and the glucocorticoid-treated late-gestation baboon fetuses as stated above. However, the direct effects of the lack or deficiency of ACTH actions associated with FGD on fetal adrenal development remain unclear.
It has been well-established that ACTH, via binding to the ACTHR, increases intracellular cAMP that activates protein kinase A. The actions of ACTH can be mimicked by cAMP analogs or substances that increase adenylate cyclase activity such as forskolin. The importance of cAMP-protein kinase A pathway also holds true for most of the actions of ACTH in human fetal adrenocortical cells. However, the signaling events downstream from the activation of protein kinase A remain unclear. The contribution of other signaling pathways that mediate the ACTH actions in adrenal cortical cells has been reviewed elsewhere (250, 251).
Responsiveness to ACTH: the ACTH paradox
Although ACTH appears to be the principal regulator of HFA cortical development, circulating concentrations of ACTH in the human fetus at midgestation, when the HFA grows rapidly, are relatively low, and ACTH levels in the fetal circulation do not demonstrate a surge during late gestation (77, 252) when cortisol production escalates (76 -78). Winters et al. (252) found that circulating ACTH levels in the human fetus decrease at term, whereas a study by Lockwood et al. (77) found a modest increase in plasma ACTH levels in fetal blood collected by percutaneous umbilical blood sampling. More recently, Florio et al. (253) reported that the mean plasma ACTH concentration in umbilical cord blood collected immediately after term birth was 37.25 Ϯ 5.16 pg/ml, which is even lower than the mean of 143 Ϯ 7 pg/ml reported by Winters et al. (252) for term infants. Thus, the rapid growth and profuse steroid production by the HFA cortex are not paralleled by increases in fetal plasma ACTH.
One possible explanation for this "ACTH paradox" is that there may be gestational age-dependent alterations in responsiveness of the fetal adrenals to ACTH. Indeed, studies in fetal sheep showed that adrenal responsiveness to ACTH, presumably through expression of the ACTHR (254, 255) , increases during the second and third trimesters (254 -259) . However, a study in fetal baboons demonstrated a biphasic monomodal developmental ACTHR expression in the adrenal, in which fetal adrenal ACTHR mRNA levels increased approximately 13-fold at midgestation, then decreased by 70% in late gestation (260) . In human fetuses, it remains elusive as to whether and how the adrenal expression of ACTHR or adrenal responsiveness to ACTH alters as gestation advances. In this context, a recent in vitro study of Rehman et al. (261) provides insight. They demonstrated that CRH directly up-regulates ACTHR expression in isolated DZ/TZ cells from the HFA. Therefore, the late-gestational increase of placentaderived CRH would directly stimulate fetal adrenal AC-THR expression and fetal adrenal responsiveness to ACTH, thereby enhancing cortisol and DHEAS synthesis in the HFA (Fig. 5) . However, in this paradigm, the reason that increased CRH does not stimulate ACTH secretion by the fetal pituitary remains to be clarified. The same group also demonstrated that simultaneous administration of CRH and ACTH, both in physiological concentrations, results in a synergy in stimulating cortisol secretion (262) (263) . Alternatively, there may be a suppressor during midgestation that inhibits ACTHR expression and/or responsiveness to ACTH because the HFA in vivo is constantly exposed to circulating ACTH that up-regulates its own receptor AC-THR in vitro (245, 264). In ovine adrenocortical cells, TGF-␤ decreases the number of ACTH binding sites (265) . In our hands, preliminary results indicate that midkine, a heparin-binding growth factor that is much more abundantly expressed in the HFA than in the adult adrenal (132), down-regulates ACTHR mRNA expression in cultured DZ and FZ cells (263) . In addition, a recent study by Roy et al. (266) provided evidence that human ␣-and ␤-isoforms of MRAP, a novel interacting partner of AC-THR that is essential in the trafficking of ACTHR to the cell surface (248, 249) , modulate ACTH binding and ACTH-induced cAMP production and differentially regulate functional properties of ACTHR (266) . Although MRAP is expressed in the human adrenal gland (267), its localization and role in the HFA have not been explored.
Alternatively, the "ACTH paradox" may be explained by the presence of regulators for fetal adrenal cortisol synthesis other than ACTH. Estrogens produced by the placenta may decrease ACTH-induced cortisol synthesis, as was discussed in Section III.F. The expression and regulation of HSD3B2, the key steroidogenic enzyme for cortisol biosynthesis was discussed separately in Section II.D.
Pituitary POMC-derived peptides
Although ACTH is not a mitogen for adrenocortical cells in vitro (268, 269) , the pituitary ACTH appears to stimulate proliferation of adrenocortical cells in vivo. One likely possibility is that proliferative actions of ACTH may be mediated by other factors, such as growth factors, as was discussed in Section III.E. Alternatively, pituitary POMC-derived peptides (270) other than ACTH could be involved in fetal adrenal growth and development (271) . Knockout of the POMC gene in mice resulted in the lack of normal adrenal gland structure (272, 273) . Early studies (274, 275) demonstrated adrenal proliferative activity of peptides derived from the N terminus of POMC. Although human POMC (1-76), the major N-terminal POMC peptide secreted by pituitary corticotrophs, had no mitogenic effect on the adrenals (276), shorter N-terminal POMC peptides had tropic activity. In vivo studies in the sheep fetus showed that administration of POMC (1-77) stimulates fetal adrenal growth, whereas it neither affects nor limits adrenal steroidogenesis (277, 278) . The tropic actions may be secondary to either direct action of N-terminal POMC (1-77) or a consequence of its proteolytic cleavage. Of particular note in this context is the recent identification of an adrenal serine protease (termed adrenal secretory protease) in the rat adrenal cortex, which cleaves rat POMC to generate a small peptide and is upregulated at the outer zona fasciculata/glomerulosa boundary (i.e., the site of proliferation) in adrenals undergoing compensatory growth (279) . The roles of POMC-derived peptides and adrenal secretory protease in HFA development are yet to be elucidated.
B. Angiotensin-II (AT-II)
AT-II, along with ACTH, has been considered to regulate HFA development. However, currently available data that characterize the functions of AT-II in the HFA are limited compared with those for ACTH.
AT-II, the end-product of the renin-angiotensin system, is a key player in the regulation of blood pressure.
By acting as a vasoconstrictor, AT-II increases blood pressure. It also stimulates aldosterone synthesis and secretion by the zona glomerulosa (280, 281) . AT-II signals through the two main receptor subtypes, AT1 and AT2. An in situ hybridization study showed that the AT1 receptor mRNA can be detected in the DZ at 8 wk and throughout gestation (282) . The expression of AT2 mRNA occurs earlier than that of AT1 mRNA, and is detected at 5-6 wk in a mass of condensed cells that represent the FZ. Autoradiographic receptor binding studies with the use of specific antagonists for each receptor subtype indicate that the main AT-II receptor subtype in the HFA is the AT2 receptor (283) . AT2 localizes in the entire FZ in this study in which the earliest adrenal tested was from a 14-wk fetus. AT1 is detected after 16 wk gestation at the periphery of the gland.
Chamoux et al. (284) demonstrated that activation of the AT2 receptor induces apoptosis in isolated FZ cells, suggesting an important role for AT-II in the apoptotic activity observed in vivo in the central part of the HFA. AT2 expression disappears from most tissues after birth, except for the adrenal gland, and is higher in HFAs than in adult adrenals (99), indicating the involvement of AT2 signaling in the development of the HFA. The role of the AT1 receptor in the HFA remains to be clarified. Our preliminary studies show that treatment with AT-II increased ACTHR mRNA in a dose-and timedependent manner, consistent with a previous study (264) . Such increase in ACTHR mRNA was blocked by addition of candesartan, an AT1-selective antagonist, but not by PD123319, an AT2-selective antagonist, suggesting involvement of the AT1 receptor subtype in AT-II-stimulated upregulation of ACTHR gene expression (285) .
AT-II may regulate HFA steroidogenesis. In vitro studies have shown that AT-II enhanced secretion of DHEAS and cortisol increased responsiveness to ACTH, and upregulated mRNAs encoding CYP11A and CYP17 in isolated human fetal adrenocortical cells (264) . Attempts have been made to identify genes that can be regulated by AT-II in adrenocortical cells using microarray analysis, which have recently been reviewed (286) . Future studies could include roles of these AT-II-inducible genes in human fetal adrenocortical cells.
FIG. 5.
Schematic representation of hypothetical model describing endocrine cascades in human feto-placental unit. Near term, placenta-derived CRH increases and directly stimulates HFA production of DHEA/DHEAS and cortisol. Increased cortisol, in turn, stimulates production of placental CRH. CRH also up-regulates expression of the ACTHR, thereby increasing HFA responsiveness to ACTH, the level in fetal circulation of which may be constant or decrease near term. HFA and placental CRH constitute positive feedback cascade. DHEA/DHEAS is converted by placenta to estrogen, promoting initiation of parturition partly through up-regulation of contraction-associated proteins. Cortisol also promotes maturation of fetal organs (e.g., the lung) and stimulates production of prostaglandins, uterotonins necessary for parturitional processes. CRH also directly promotes initiation of parturition in part by increasing prostaglandins. When "functional withdrawal" of progesterone occurs, coupled with these changes, parturition is initiated. Endocrine Reviews, June 2011, 32(3): edrv.endojournals.org
V. The Fetal Adrenal Cortex in the Human Feto-Placental Unit
Steroid hormones produced by the HFA, along with progesterone produced by the placenta, play key roles in the maintenance of pregnancy, intrauterine homeostasis, fetal maturation, and the initiation of parturition. The FZ, a unique feature of fetal adrenals in primates, is a site of abundant production of the adrenal androgens DHEA/ DHEAS, which serve as a source of C19 steroids for placental estrogen production. Late in gestation, the HFA also secretes cortisol and may produce aldosterone. Studies to date, including experiments of nature, clinical trials, and research in materials from human and nonhuman primates, are beginning to reveal the physiological roles of these steroid hormones in the feto-placental-maternal unit. Additionally, mounting evidence indicates that placental CRH plays a key role in the endocrine cascades, constituted by steroid hormones and other mediators, which leads to the initiation of human parturition.
A. Glucocorticoids: roles in fetal maturation and parturition
The timely birth of an appropriately mature fetus requires a mechanism that synchronizes fetal maturation with initiation of parturient processes. Glucocorticoids are indispensable for cell differentiation and organ maturation in the fetus. In sheep, fetal organ maturation is induced by a prepartum surge of cortisol secretion by the fetal adrenal gland, which also triggers the onset of labor (287, 288) . Thus, in sheep, the fetal HPA axis, via cortisol, synchronizes fetal maturation with timing of parturition. In humans, a similar rise of cortisol in the fetal circulation is observed in late gestation (76, 78). However, the roles of the fetal HPA axis and cortisol in human fetal maturation and initiation of parturition remain enigmatic. In this section, possible implication of glucocorticoids in the initiation of human parturition, the beneficial and adverse effects of glucocorticoids, and local glucocorticoid metabolism will be addressed, all of which have received a great deal of attention recently.
The length of gestation and glucocorticoids
Pregnancy length may be modulated in conditions in which the fetal HPA axis is disrupted and fetal cortisol synthesis is markedly decreased [e.g., congenital adrenal hyperplasia (CAH) and anencephaly]. Conflicting data exist regarding the length of gestation in patients with CAH. In 1971, Price et al. (289) studied 19 children with CAH due to CYP21 deficiency from 12 families and reported that the length of gestation was not significantly different in their affected cases compared with unaffected siblings. More recently, Gidlö f et al. (290) studied 66 patients with CYP21 defects whose exact number of gestational days were available and found a correlation between gestational age and CYP21 genotype in female, but not male, fetuses with CAH. Females with the most severe form of the disease, a null mutation, had the longest gestation and differed significantly from the normal population (290) . Another recent study from the United Kingdom has shown that the frequency of postterm delivery was significantly higher in 31 children with CAH due to CYP21 deficiency than their general or regional frequency (291) . Thus, the possible association with CAH and prolonged gestation is still open for debate. In anencephalics, pregnancy does not appear to be prolonged, on average, although labor occurs over a wide time interval (237, 239, 292). In addition, one must be aware that interpretation of data from anencephalic pregnancies is confounded by the influence of polyhydramnios, which causes increased stretch of uterine muscle.
In 1979, Katz et al. (293) reported that intraamniotic glucocorticoid administration resulted in delivery, especially in postterm pregnant women. Administration of synthetic glucocorticoids in women at risk of preterm labor is associated with transient increases in uterine activity (294, 295) . In the rhesus monkey, a nonhuman primate model, treatment with dexamethasone does not induce premature delivery as it does in sheep, but instead results in prolonged pregnancy (296) . Interpretation of this study is complicated by the possibility that maternal glucocorticoid treatment may have inhibited the fetal HPA axis, and therefore the feto-placental unit.
Thus, due to limited data available from experiments of nature, other clinical data, and nonhuman primate models, it is probably still unsafe to assume that fetal glucocorticoids play a direct causative role in the initiation of human parturition.
Fetal maturation
Several lines of research strongly support a key role for glucocorticoids in promoting maturation of human fetal organs before birth (297, 298) . The effect of glucocorticoids on the maturation of the fetal lungs is of particular importance. Infant respiratory distress syndrome, an inability to exchange gases due to pulmonary immaturity, is the leading cause of morbidity and mortality of preterm infants. Maternal administration of synthetic glucocorticoids that readily cross the placenta markedly decreases the severity of infant respiratory distress syndrome and significantly improves prognosis of infants delivered preterm. However, experiments of nature suggest that human fetal maturation is independent of fetal adrenal cortisol production. In fetuses with CAH due to CYP21 deficiency, the adrenals produce markedly reduced amounts of cortisol, yet these fetuses are born without any signs of organ immaturity (289) . Several possibilities may account for this discrepancy. One explanation is that reduced levels of cortisol produced by the HFA in fetuses with CAH can be compensated by another source of cortisol, possibly from the maternal adrenals. As discussed in Section V.A.3, transplacental passage of maternal cortisol could rise late in gestation in association with decreased placental type 2 11␤-hydroxysteroid dehydrogenase (HSD11B2) activity during that period. Alternatively, local glucocorticoid metabolism in human fetal organs may significantly modulate in situ effects of cortisol. In this scenario, altered local glucocorticoid metabolism could compensate for effects of cortisol that is reduced in fetuses with CAH (299) . In addition, maturation of the human fetus may not be dependent on glucocorticoids alone; other factors may be involved. Clearly, these possibilities have important implications for future directions of study.
HSD11B in human placenta, intrauterine membranes, and fetal tissues
The actions of glucocorticoids are modulated by two distinct isozymes of the enzyme 11␤-hydroxysteroid dehydrogenase, HSD11B1 and HSD11B2. HSD11B1 functions predominantly as a reduced nicotinamide adenine dinucleotide phosphate-dependent reductase to generate active cortisol, although it possesses both oxidase (cortisol to cortisone) and reductase activities. In contrast, HSD11B2 is a high affinity oxidized nicotinamide adenine dinucleotide-dependent enzyme that exhibits oxidase activity, inactivating cortisol to cortisone (300) .
Cortisol in the human fetus can be derived from the HFA, from the mother by transplacental transfer that is under the control of HSD11B2 activity, or from local conversion from cortisone by HSD11B1 activity within the chorion trophoblasts and amnion epithelium.
For most of gestation, the human placenta expresses HSD11B2 that inactivates cortisol. In human pregnancy, maternal cortisol levels are five to 10 times higher than those of the fetus (301, 302) . Thus, the placenta, most likely via HSD11B2, serves as a biochemical barrier, preventing excess maternal cortisol from entering the fetal compartment (303, 304) . Concordant with this notion, HSD11B2 has been localized at the feto-maternal interface. Indeed, immunohistochemical studies have localized HSD11B2 to syncytiotrophoblast, invasive extravillous trophoblast, and trophoblasts lining the spiral arteries (305) (306) (307) . HSD11B2 mRNA is not found in the amnion, chorion, or decidua (308) . Conflicting results exist concerning the ontogeny of human placental HSD11B2 expression and activity; placental HSD11B2 expression and activity may decrease or increase as gestation advances (309). HSD11B2 appears to be regulated by various placental hormones and factors. In vitro studies indicate that inducers of expression and/or activity of HSD11B2 include prostaglandin-E2, prostaglandin-F2␣, retinoic acid, protein kinase A activators (e.g., forskolin), and oxygen tension, whereas factors that decrease its expression and/or activity include nitric oxide donors, leukotriene B4, catecholamines, and calcium (300, 309) . Intriguingly, placental steroids can modulate HSD11B2 expression and/or activity in the placenta. Progesterone has been found to reduce HSD11B2 activity via a non-receptormediated mechanism and concomitantly decrease mRNA encoding HSD11B2 through a progesterone-receptor-mediated mechanism in human syncytiotrophoblast cells (310) . Similarly, progesterone decreases HSD11B2 activity in human and baboon placental homogenates (311) . In contrast, the role of estrogen in regulating placental HSD11B2 still remains elusive. In vivo studies in baboons (312) (313) (314) suggest that estrogen increases HSD11B activity, whereas estradiol inhibits HSD11B2 oxidase activity in cultured human placental trophoblasts (310) .
HSD11B1 protein has been localized to chorionic trophoblasts, amniotic epithelial cells, scattered amnion mesenchymal cells, the endothelium of placental and umbilical cord blood vessels, and the decidua (307, 308, 315) . Immunoreactive HSD11B1 has also been found in syncytiotrophoblasts of human and baboon placentas (316, 317) . Further studies should elucidate the extent to which HSD11B1 in the human placenta is functional because it contains predominantly HSD11B2 enzyme (308, 318) . With advancing gestation, both activity and expression of HSD11B1 in the fetal membranes increase gradually in late gestation and further at the time of labor (317, 319) . Thus, this possible local production of cortisol by HSD11B1 may play a role in different pathways contributing to the regulation of parturition. Alternatively, HSD11B1 may amplify the local actions of cortisol on the fetal membranes.
Recent in vitro studies have shown that glucocorticoids can stimulate expression of HSD11B1 in human chorionic trophoblasts and amnion fibroblasts (320 -322) , thereby providing positive feed-forward regulation of HSD11B1 and increasing the local concentration of glucocorticoids.
Furthermore, expression of HSD11B1 and/or HSD11B2 has been found in human fetal tissues including the lung and adrenal gland (323, 324) . Studying regulation and function of these glucocorticoid-metabolizing enzymes in such tissues may be a fruitful avenue of future research, leading to better understanding of the roles of glucocorticoids in human fetal development and parturition (299, 323).
Glucocorticoids for the fetus: friend or foe?
Glucocorticoids are a "two-edged sword" for the fetus; they promote maturation of organs required for extrauterine survival while they can exert deleterious effects on fetal growth and postnatal development.
A single course of synthetic glucocorticoids is a universally accepted, standard therapy for pregnant women at risk for preterm delivery, which reduces morbidity and mortality in preterm infants by accelerating fetal lung maturation (325, 326) . However, multiple courses of antenatal corticosteroid administration may be associated with decreased weight, length, and head circumference at birth (327) , suggesting that glucocorticoids have the potential to reduce fetal growth. Synthetic glucocorticoids may affect the HPA axis of the fetus and neonate, as recently reviewed (326) .
Because placental HSD11B2 serves as a barrier that prevents maternal glucocorticoids from entering the fetal compartment, decreased HSD11B2 activity in the placenta could lead to an increased amount of maternal glucocorticoids crossing into the fetal compartment, possibly with deleterious effects on fetal development. Apparent mineralocorticoid excess, a congenital disease that results from mutations of the HSD11B2 gene, is associated with moderately reduced fetal growth (328, 329) . Reductions in placental HSD11B2 activity or expression have been associated with reduced human fetal growth (309) . In addition, a more recent study of Dy et al. (330) suggests that not only placental, but also fetal HSD11B2 activity may be compromised in idiopathic intrauterine growth restriction. Reduced HSD11B2 expression and activity (331, 332) , coupled with detectable placental cortisol (332), also are observed in preeclampsia, suggesting that fetal glucocorticoid excess could contribute to the restricted fetal growth that is frequently seen in preeclamptic patients.
Recently, a concept termed "fetal programming" has emerged. A premise of this concept is that adverse influences in utero increase the risk of developing disease in adult life (309, 333) . Fetal exposure to excess glucocorticoids may be a link between reduced fetal growth and adult disease. There is much focus on this subject, and an increasing number of studies have been undertaken in recent years. Detailed discussion of fetal programming is beyond the scope of this review. Readers are encouraged to read recent reviews (309, 333, 334).
Glucocorticoids and prostaglandins
Prostaglandins are potent endogenous uterotonins that are responsible for parturition. Glucocorticoids stimulate prostaglandin production in human fetal membranes and placenta (335-338), although glucocorticoids inhibit prostaglandin formation in most other tissues. This paradoxical, proinflammatory effect of glucocorticoids involves up-regulation of the key enzyme in prostaglandin biosynthesis, cyclooxygenase 2 (COX2; also known as prostaglandin H synthase 2 or prostaglandin-endoperoxide synthase 2) and suppression of the prostaglandin-inactivating enzyme, 15-hydroxyprostaglandin dehydrogenase (336, 337, 339 -344) . Additionally, prostaglandins induce HSD11B1 expression and activity within the placenta (345). As discussed above, glucocorticoids increase production of prostaglandins and up-regulate HSD11B1, which activates glucocorticoids, thereby creating a paracrine cause-and-effect spiral that may be involved in human parturition (for reviews, see Refs. 287 and 342). The extent to which this putative feed-forward spiral is operative in vivo remains to be elucidated.
Recently, Sun et al. (346) have proposed a different mechanism by which glucocorticoids may indirectly promote prostaglandin production in the fetal membranes. They demonstrated that surfactant protein A localizes in human amniotic epithelial cells, fibroblasts, and chorionic trophoblasts, and that glucocorticoids induce expression of surfactant protein A, which in turn stimulates prostaglandin E2 synthesis in cultured chorionic trophoblasts (346) .
B. Progesterone and estrogens: roles in parturition
Progesterone and estrogens play pivotal roles in maintaining pregnancy and regulating parturition. Generally, progesterone maintains pregnancy by promoting uterine quiescence. In contrast, estrogens oppose the relaxing actions of progesterone and promote myometrial contractility of the uterus and regulate cervical ripening to facilitate parturition.
The essential role of progesterone in maintaining pregnancy is well-established and remarkably universal. Any disruption of progesterone synthesis or action during pregnancy rapidly induces abortion or delivery (347) . Progesterone withdrawal is a crucial event in the parturitional processes in most mammals. However, in humans and higher primates, progesterone levels remain elevated throughout pregnancy, and labor is not initiated by a decline in circulating progesterone levels. Thus, progesterone withdrawal in these species is likely to be mediated by mechanisms other than decreased exposure of target tissues to circulating progesterone. In this context, the notion of "functional progesterone withdrawal" was first proposed by Csapo and Pinto-Dantas in 1965 (348) and has been supported by other investigators. Possible underlying mechanisms of functional progesterone withdrawal, including changes in local progesterone metabolism and altered tissue responsiveness for progesterone, have been described in detail in recent reviews (349 -353).
Progesterone exerts genomic actions through the classic nuclear progesterone receptors (PRs) that act as ligandactivated transcription factors. The human nuclear PR gene encodes two receptor subtypes, the full-length PR-B and the truncated PR-A (349, 354, 355) . In general, PR-B is an activator of transcription, whereas PR-A is a transcriptional repressor (354) , and PR-A represses the transcriptional activity of PR-B (356) . The induction of labor and delivery by RU486 (347), a nuclear PR-specific antagonist, likely reflects the importance of genomic actions mediated via nuclear PRs for the maintenance of myometrial relaxation during pregnancy. Progesterone maintains pregnancy primarily by directly inhibiting expression of genes encoding contraction-associated proteins (CAPs) including the oxytocin receptor, the prostaglandin-F2␣ receptor, the gap-junction protein connexin-43, and the prostaglandin-metabolizing enzyme 15-hydroxy-prostaglandin dehydrogenase (357) .
Estrogen is considered to oppose the actions of progesterone by stimulating biochemical and physical changes in the uterus and fetal membranes (232, 357). Estrogen stimulates uterine contractions by increasing myometrial excitability and responsiveness to uterotonins such as oxytocin. In the uterine cervix, estrogen induces expression of proteolytic enzymes that degrade the ECM to allow cervical maturation and dilation.
In most species, maternal estrogen levels rise before delivery. Similarly, in humans, the rise of estrogens occurs gradually over the final weeks of pregnancy (358, 359) and is dependent on fetal adrenal steroidogenic activity. Of interest, the pattern of increase in placental estrogens in human pregnancy resembles that of the parturitioninitiating fetal cortisol in pregnant sheep.
Conditions with markedly reduced synthesis of placental estrogen (e.g., placental sulfatase deficiency and placental aromatase deficiency) have been considered to illustrate the role of placental estrogens in human pregnancy. Pregnancies affected with placental sulfatase deficiency usually show normal fetal and placental development and normal timing of parturition (360) . The majority of pregnancies with placental aromatase deficiency deliver vaginally at term, after spontaneous onset of labor, although such pregnancies are associated with virilization of the mother and female fetus (361) (362) (363) (364) (365) . These findings suggest a supportive, rather than a critical, role for placental estrogens in regulating human pregnancy and parturition. However, it is known that maternal estrogen levels in those cases of suppressed placental estrogen synthesis, albeit low compared with normal pregnancies, are still in a physiologically significant range and are comparable to levels reached in the midcycle and luteal phase of the menstrual cycle, thereby allowing the target tissues to be exposed to moderately high levels of estrogens. Thus, an implication drawn from these experiments of nature would be that the estrogen levels observed in normal pregnancies far exceed the amounts required to influence parturition. The reason that the feto-placental unit produces such high levels of estrogens through most of pregnancy remains unknown.
Studies in primates support the critical role of placental estrogen in parturition. In the pregnant rhesus monkey, Nathanielsz and colleagues (366, 367) found that increased placental estrogen production, secondary to androstenedione administration, stimulated myometrial contractility and induced preterm delivery. They further showed that infusion of the aromatase inhibitor 4-hydroxyandrostenedione attenuated androstenedione-induced parturition (367) . However, peripheral estrogen infusions stimulated myometrial activity but did not cause preterm delivery. Other investigators, in an earlier study, also showed that estradiol treatment alone did not induce preterm delivery in the rhesus monkey, although circulating estradiol levels were markedly elevated (296) . Therefore, local production of estrogens from androgen precursors, rather than circulating estrogen levels, may be critical for the initiation of parturition in the rhesus monkey. These data may be applicable to humans, and the actions of estrogen in human pregnancy may be mediated by mechanisms other than changes in circulating estrogen levels. Thus, a likely possibility is that the action of estrogen, as well as that of progesterone, is more regulated by target tissue responsiveness or local metabolism than by circulating estrogen levels.
Extensive research has been undertaken to characterize the molecular mechanism that regulates tissue responsiveness to progesterone and estrogen, and thereby their actions in parturition. Mesiano and coinvestigators (357, 368) have proposed a model that explains how functional progesterone withdrawal and estrogen activation occur in the initiation of human parturition, based on several key findings: 1) ER␣ mRNA is increased in laboring term myometrium; 2) myometrial ER␣ mRNA levels positively correlate with the PR-A/PR-B mRNA ratio; and 3) progesterone inhibits myometrial ER␣ expression. In their scenario, functional progesterone withdrawal (mediated via increased PR-A expression) induces functional estrogen activation (mediated via increased ER␣ expression), stimulating CAP expression and causing transformation of the myometrium from a quiescent to a contractile state, thereby leading to labor onset.
C. CRH and the human fetal adrenal cortex
CRH was first identified in the hypothalamus (369) . CRH stimulates the expression and processing of POMC by pituitary corticotropes and the secretion of ACTH. The human placenta, fetal membranes, and decidua also express CRH that is identical to hypothalamic CRH. CRH is an ancient molecule with remarkable conservation among species (370) . However, placental CRH production is restricted to primates.
Placental CRH may be part of the feto-placental stress response machinery. The placenta is commensurate with the hypothalamus in its production of CRH in response to stress. Placental CRH production appears to increase in various situations associated with fetal stress, including intrauterine growth restriction, preeclampsia, and nonreassuring fetal status (371) (372) (373) (374) (375) . A physiological implication of these findings is that the fetus may be able to mount a stress response through placental CRH.
An increasing number of studies have shown that placental CRH is associated with gestational length and/or the initiation of parturition in humans (376, 377) . McLean et al. (376) demonstrated that maternal plasma CRH levels showed an exponential rise from midgestation to term and that women who delivered preterm had a more rapid rate of increase that was detectable from the early second trimester. In contrast, women who delivered postterm had a slower rate of CRH rise that was detectable in advance. These data indicate that maternal plasma CRH levels are predictive of those women who are destined to have normal term, preterm, or postterm delivery. The authors proposed that placental CRH acts as a biological clock that determines the length of pregnancy. Similar results have been reported by other investigators (377, 378) .
In feto-maternal tissues, CRH is presumed to exert diverse effects that include modulated secretion of bioactive molecules (e.g., prostaglandins, oxytocin, progesterone, and ACTH) (378), control of feto-placental circulation (378) , and pregnant-stage dependent modulation of myometrial contractility. As for the latter, CRH may prevent premature myometrial contractions while it may increase myometrial contractility at term (377, 379) . Actions of CRH may be regulated by mechanisms including receptor subtype and its coupling to signaling pathways, and the availability of bioactive CRH (e.g., by CRH-binding protein), as reviewed elsewhere (378) .
Unlike hypothalamic CRH, which is under the negative feedback control of glucocorticoids, human placental CRH gene expression and production can be stimulated by glucocorticoids (380 -382) . Placental CRH production can also be regulated by inhibitory (e.g., progesterone and nitric oxide) and stimulatory (e.g., IL-1, prostaglandins, oxytocin, and AT-II) factors (383) (384) (385) (386) (387) . Additionally, a variety of neurotransmitters and neuropeptides, which can be activated in response to stress, stimulate placental CRH release in vitro (378, 388, 389) .
Placental CRH predominantly enters the maternal circulation, but it is also released into the fetal circulation (390) . CRH concentrations increase as gestation advances in the human fetal circulation, although they are lower than those in the maternal circulation (391) . The HFA gland, as well as the fetal pituitary, expresses CRH receptors (392) (393) (394) (395) . Transcripts encoding two isoforms (CRH-R1␣ and -R2␣) have been detected in the HFA (394, 395) .
The remarkable increase in placental CRH production at the end of gestation and the capacity of glucocorticoids to enhance this expression have led several investigators to propose a key role for placental CRH in the feto-placental unit and in parturition. Robinson et al. (380) suggested that the marked rise in placental CRH preceding parturition could result from the rise in fetal corticoids that occurs at this time. They also suggested that the increase in placental CRH may stimulate, through fetal ACTH, a further increase in fetal glucocorticoids, "completing a positive feedback loop that would be terminated by delivery." However, the steroid production by the HFA cortex is not paralleled by increases in fetal plasma ACTH; the surge of cortisol production seen in late gestation occurs despite falling or modestly increasing ACTH levels in the fetal circulation. A late gestational increase in fetal adrenal responsiveness to ACTH could explain this paradox (see Section IV.A.2). Alternatively, the HFA may be under direct control of placental CRH. Indeed, CRH can directly stimulate cortisol and DHEAS synthesis by isolated human fetal adrenocortical cells (262, 393, 395, 396) . Furthermore, CRH also can stimulate expression of the AC-THR in isolated definitive/TZ cells from the HFA (261) . This finding suggests that placental CRH could directly affect fetal adrenal responsiveness to ACTH, thereby indirectly promoting fetal adrenal steroidogenesis in late gestation despite the limited availability of ACTH in the fetal circulation.
Therefore, a positive endocrine loop may develop between placental CRH and the HFA (Fig. 5) . In this paradigm, cortisol derived from the HFA increases placental synthesis of CRH, which in turn stimulates the HFA to produce more cortisol and DHEA/DHEAS. As a consequence, fetal adrenal cortisol increases and placental estrogen synthesis increases. Increased amounts of estrogens stimulate CAP gene expression and transform the myometrium from a quiescent to a contractile state, preparing for successful uterine contractions and parturition. Cortisol promotes maturation of fetal organs such as the lung. The increased CRH potentiates fetal adrenal responsiveness to circulating ACTH, further driving the fetal adrenal production of cortisol and DHEA/DHEAS. Cortisol also stimulates production of prostaglandins to initiate partu-rition. This positive feed-forward endocrine loop ends when the placenta is expelled at the end of labor.
VI. Summary and Future Perspectives
Development and function of the HFA cortex are unique among mammalian species. Studies in transgenic and knockout mice have made a major contribution to our understanding of the development of various organs and tissues. However, this uniqueness of the HFA somewhat limits extrapolation of data from mouse models to humans. Therefore, the biology and physiology of the HFA have been gradually elucidated, mostly through studies of patients with adrenal developmental disorders, of nonhuman higher primate models, and of HFA tissues. A recent series of investigations, which strongly indicates early cortisol synthesis in the HFA, is such an example and has been one of the major achievements in this field (9) . Additionally, use of modern technologies, including gene array methodologies and laser capture microdissection, have revealed factors that were not implicated previously in HFA development and function. The precise roles of these factors and interplay between them remain to be elucidated.
The HFA basically consists of two zones, the outer DZ and inner FZ. DZ cells, which are small and round, have structural characteristics typical of cells in an undifferentiated proliferative state, whereas FZ cells have those typical of differentiated, steroidogenic cells. Recent studies suggest several possible mechanisms by which DZ cells maintain their in vivo phenotype. One possible mechanism is by a growth factor that exerts DZ-selective proliferative effects. Second, there may be gradients of growth or differentiation signals that can regulate cell proliferation and/or differentiation. The undifferentiated proliferative phenotype of DZ cells supports the concept that the DZ contains a pool of progenitor cells. Thus, current data strengthen the tenet that the HFA cortex is a dynamic organ in which cells proliferate in the periphery (i.e., the DZ) and may migrate centripetally, differentiating to form the remainder of the cortex. Recent investigations have identified cellular markers unique to each zone of the HFA (Fig. 4) . Identification of these markers would enhance the ability to characterize the proliferative potential of DZ cells and assess their capacity to differentiate into cells of the TZ and FZ.
The development of a vasculature is necessary for support of the rapid organ growth and high endocrine activity of the HFA. Angiogenesis appears to occur at the periphery of the midgestation HFA, as evidenced by predominant endothelial cell proliferation in the DZ and TZ (53). Thus, the DZ likely benefits from a more plastic vascular state to accommodate its proliferative phenotype. Consistent with this, several major proangiogenic factors demonstrate the outer-zone predominant expression. In addition, expression of these factors is under control of ACTH (92, 94, 95), supporting a concept that ACTH coordinates adrenal organ growth and angiogenesis (95, 397) .
ACTH secreted by the fetal pituitary is the primary regulator of the development and function of the HFA. However, the rapid growth and profuse steroid production by the HFA cortex, during mid-and late gestation, are not paralleled by elevations in fetal plasma ACTH. Thus, peptide growth factors produced locally within the HFA may partly mediate the actions of ACTH in an autocrine and/or paracrine fashion (1, 132) . Alternatively, placentaderived factors, such as CRH and estrogens, may be involved by an ACTH-independent mechanism.
Genetic studies in mice and humans are beginning to unravel the mechanisms of transcriptional regulation responsible for organogenesis of the HFA. Among the several transcription factors implicated in adrenal development, SF1 and DAX1 have been well characterized and appear to be essential in cortical and functional development of the HFA (152, 153). However, their precise roles remain to be clarified.
The steroid hormonal milieu in mammals undergoes substantial changes in both the maternal and fetal circulations as parturition approaches. Near term, there is a sharp rise in estrogens in the maternal circulation in many mammalian species. However, in humans, estrogen rises gradually throughout pregnancy, without a surge in the last weeks of pregnancy. Intriguingly, circulating estrogen levels during pregnancy are 10 -100 times those of nonpregnant women throughout most of gestation. Despite these relatively high levels of estrogen, the myometrium, fetal membranes, and cervix appear refractory to estrogen action. Therefore, factors other than elevated circulating estrogen levels likely are involved. These may include changes in target tissue sensitivity through alteration of ER expression, a change in the relative amounts of ER isoforms, changes in signal transduction, and/or changes in estrogen metabolism, conjugation, or clearance. In most species, parturition is anteceded by a fall in progesterone, the essential hormone that maintains pregnancy. However, in human pregnancy, there are no changes in circulating progesterone levels preceding labor. Consequently, the concept of "functional progesterone withdrawal" emerges to explain this paradox. The precise roles of estrogen and progesterone in the physiology of human parturition remain enigmatic. However, if estrogen and progesterone regulate the human parturitional process, their actions must be mediated by mechanisms other than changes in their circulating levels.
Much of our understanding of human parturition has been built upon animal studies, particularly those in sheep. In that species, Liggins and coinvestigators (3, 4) demonstrated the importance of fetal cortisol, derived from the fetal adrenal cortex after activation of the fetal HPA axis, which both stimulates maturation of fetal organs for extrauterine existence and initiates the process of parturition, ensuring the timely birth of an appropriately mature fetus. In humans, however, the role of cortisol in the parturitional process is less clear, whereas its role in promoting fetal organ maturation appears likely. Cortisol in the human fetal compartment rises near term as in sheep.
Mounting evidence indicates that cortisol may act as a "two-edged sword" for the fetus; it can promote maturation of fetal organs necessary for extrauterine life, whereas it can influence adversely fetal growth and postnatal development. Therefore, cortisol biosynthesis and metabolism in the feto-placental unit must be more strictly regulated than previously thought. Indeed, cortisol levels in the fetal compartment appear to be fine-tuned in a spatially and temporally regulated manner, through different mechanisms in the HFA (i.e., regulation of HSD3B2), placenta (i.e., control of HSD11B2 activity), and fetal membranes (i.e., control of HSD11B1 activity).
Endocrine systems that regulate the timing of parturition differ significantly between species. Placental CRH production is a major, unique adaptation that has evolved in anthropoid primates. Placental CRH is likely one of the key determinants of the timing of human parturition. As noted, placenta-derived CRH likely affects the HFA directly by stimulating its responsiveness to ACTH and secretion of cortisol and DHEA/DHEAS, precursors of placental estrogen. Cortisol, in turn, stimulates placental CRH production, forming a positive feedback cascade and generating further cortisol and estrogen near term. Increased estrogen, cortisol, and CRH itself, together with functional progesterone withdrawal, may contribute to the initiation of parturition (Fig. 5) . Thus, in addition to the fetal HPA axis, a placental CRH-fetal adrenal axis may exist in regulating human parturition.
Several questions on development and function of the HFA remain to be resolved. Among the key questions are: What are the mechanisms underlying the suppressed HSD3B2 expression in the HFA? What are the master genes that regulate zone-specific gene expression of the HFA? How is the functional progesterone withdrawal related to endocrine interactions evoked by placental CRH, the HFA, and the maternal system? Lastly, but not least, why does the human fetus have huge adrenals with capabilities of robust biosynthesis of DHEA/DHEAS despite the fact that gene knockout experiments of nature indicate that estrogen produced by the feto-placental unit may be irrelevant to the maintenance of pregnancy, fetal development, or appropriately timed labor (398) 
